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Heiqht of hurst to cel.t."z· of ch<l1"<j'" mas; 

Scaled Height of Burst • Ht~/V~!] 

Expected n1..U'abcr of llllp".::" P"1I" sq\.4ar~ 
foot 0 t i" ~ S;:' 1 1 e s "" it 11 b, ~ t ,: ,1.1 e p t 
di,ufteten. betwCt'n &1 j!',:: 6. 2 ' W!leCe &z 
i. thE: Id(,;er m15s11d SL.' 

A geo10qY d(;~'en('ent taCt {'r ulI",d 1n 
t.8tl...ut1ng ~ 

Cwnmulati.vt' :!)e~ ':4 IUSS ,)'. all r),~yelS 

Witn equ",.ltnt C1alU", •• .:1f, less than or 
e~ual to the value a 

App;arent cr,ter 1114.8 

rot~6 cJect~ ~'ss 

Nuaber of le~a!.ed deto:'.d lcn~ 

N~clftar ~~plo.lve 

Prot. .. billt~· nf C'~'!!' ",.. !1',," mJssil~,:> "11th 

equl\"al.'nt· dlam ... ·teI& bt:t ... e'n d' dod ('\) 
imp4~tln<J on an 4r~.!l \lilt!. l":'Gtt~ ~l "
and width ,-, 
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SYMlIOLS AND NOTATION (Continued' 

It 

Ra 

l\aax 

a,. .. u 

RO 

~S 

R_ 

• 
S 

SCI 

v 

va 

Vi 

Vb 

VL 

t,J 
Vo 

Vu 

V1 

GroW\d _ ~9. 

~~rent crater radiQa 

MaXlAlJa ,.pparent crater rL\dius after It 
repeat-1 detOflatlOfta 

fIl •• ,1.aua apparent crater raciiQa .fter N 
~ep.ated detonatioaa 

A scaliR9 r&n-ge ift ai.a11e .. JliNtct v.loci ty 
pr .. ~diction 

Scaled r.-ov.nd ranqe • RIV!!.' 

Apparent crater radius aftnr 1 detonation 

All ex.,o.,ent ••• ociated with repeated 
cratering relatlonshlpa 

SIIrI'ace 9rourad zero 

AppA~'~ crater VOlUMe ift layered ge~109Y 

~Pf'r.n~ erater volaae 

Missile ~ct velocity 

High yield nucltar surfue. bur.t apparent 
crater ~olu.e in layere~ 98010gy 

Appe4~nt crater vol~ in ~s ... terial 
of layered 980l~~ 

Arpar;~n t cl: .. ter volUt. due to TNT surf a.::e 
(half t.uried) bur.~ 

~pp~r~nt crater vcluae in aurfac~ m3t~r6Al 
of layered geolC>.IY 

i\ppar.tnt crater vt.lu.e in top layeor of 
'.:we l'lyel- geology: .~rent :::rat.er V\,)!~ 
aft.n 1 detonl'tjon 

Ii 
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.. 

V2 

v) 

V l'tlIa&X 

V ... ir.. 

If 

• .. 
ar..&X 

d 

d 1 

d 2 

f 

k 

• 
~ 

a..x 

SYJlBULS AltD IlOfATlOfii (ContinU4>i) 

Apparent. cratf.'r vol..... in !"eo..'ond la~ .. r 
of t.wo layer geoloqy 

Apparent ':r&ter vo1wae 1n c ... e lU4t.~1H 141 
oi t:wo la)'.r 9'eoloqy 

Mallia ... a .. ;-'Irent crater vol '.lIfIE' atter !II 
repeated detol...!'tiona 

Mintuua app.rent cr&t~~ vol~ atttiT N 
r~~.~ed detonation. 

;xp10.ive yield (in equivalent TNT un1- ... :-\ 

Equ;val.nt lIIi •• Ue diaateUt 

MuUIIQlo; .1s.0e diilJM!tel- fcund at ill 9iven 
range 

Absolute ~~mu. ai.aile di~eLer fr~. 
a cl'&teri!'l9 .v,~nt 

lAyer depth in one ) .\yer '1"''' 10<}}' 

Depth of top layer ;" h"< L;yer 9"0'-cqy 

o.ptb c.f aiddle later if. t>.':;:' loy:r q .. ..>loqy 

A 9f:IQ10ClY de~;,,.d.nt f.ct.'. .. r "'"l.iting total 
eJecta ... s to .p~~rent crateI ".s 

Azll~tha.l dl..trib".,ti~>1 ",a'CUI,bie -
perc.nt~<J'" pronabilit)' th<\!. l:: pre8" le I'" t.<' .! 
ejecta dei.0~h "'1.11 he ~r".tel- th .... n oi 

r;.~~04Itly ch"at'o ejecta dfl!pth lit "acne 
ran98 vber_ O~X ~nJ 0ain ~re knovn 

Ki •• ile ..... 

MaX.!.f'\_ ai •• i1 .... , at a gl"~11 r .. age 

Ah.01U~. mexim~ =i~~tl .. ~~8 tT~ • 
cratoring event 

L.i 

f'i 
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Yp 
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SYM80l.S A1I~ IWOTATIOM (~tinue4) 

ajec'~'" are!'l den.ity 

BulJl wlit weight of eject..a 

Pr •• J'IOt t.lAit veic;ht in cratered region 

J(lsa~le ejeetioa &ogle 

Section V 

SeiSJa1C or compressiWl ;;:!!ve velocity 

Effective "ave vell)City 

V~'~eity of wave front, aeismic velocity: 
caapre..lu.~ - .. ". velocity in i th l"yec 

Loading wave velocity: Fe .. stre •• velocity 

Cc.q;re •• i,on wave (dilatation wave, P-wave) 
vel~ity 

Shear wave (Qi.tor~\onal "ave, S_ave) 
"elocity 

JIodv,lu of ",!a.Uc!ty 

Shaar ~ulu. of el._ticity 

Layt~r dept:.h; _ ~orizont .. l qround s;lOck 
~ent 

TbickneL. of i th layer 

I~Ql.e-ti.. history 

Total .i&~la.t iapul.e 

~ul~ ~~\:!~~ of el ... ticity; ct4lrt:h 
pre •• ure co.!fici .. nt 

Coefficient of aettv .. earth prel • .lr'; 

Coeff i.:ient of « .. rth pce.sure .t~ l'ell ~ , 

ratio of pn,nei,.al .tres.( in uni.>cial 
atrain 

liii 

)( 
p 

" 
"i 

"L 

Mu 

Pac 

Aa 

It 

T2 

u 

v 

Va 

W 

We 

I 

,\1 

a 

-lUX 

d 

..ttl 

~p 

d . 
rn,lX 

~VMllOLS AIW NOTATIOil (Continued) 

Coatf ie ient of pluai vo ea.l· '.n Fres.ure 

Constrained modulu~ 

1r,itial tangent If.oduh;. 

~rllf.'l Jl¥)duluSi, const.r:aim:d ;110<1'..31,)5 

l'ndo dinQ modl.llu.lt 

PeoAk overp,e •• ur. 

Differenc.~ b<etWEltlll qroun<~ r.loge ot lnterest 
and ranq. at which outrum i.f') bC'\.)lliS 

Pan9"~ ol .. ,t nI: ... .,;. 

ct.01l.'I,cter;.'t.i," tUf,e of outrunl"jnq WAve 
forlll 

A.lrblaat Sf'OCIt tront V€h>'lty 

A vertica':' qf'ol..nd shoelt component 

Appar~Qt cr~ter vo:, 

Yield 

t:quiv ... ent y'eld 

Dept.h 

incrftmen,t 1n depdl 

Accele.< .. tion 

Ml'.axiJnum accelf'cati':m 

DisplacUllle'l~ 

Peak horizont.al crat.er-~ '\d:Jced dis
pl ... cement 

f'tH"'!I\iH'ent horizont.a: cra:er-induc:ed di.5-
placetTlf!nt 

MaXililUJll vert teal, dispJ4(;t<:",~nt 

llV 
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vh 
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vrux 
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!.natoLS AND NOTATION ,t:ontiAued) 

Residu.l ver~ical di.pi,ce.ent 

".,.id~l \-ert:.ic.l ecllPres.ion in depth 
lnc I"iUllen\. Ai 

Vertical displacement 

Generalized sc.ling relation. for direct
induced ground ahock 

NOTa51i&ed i~ula.-t~ .. bistory 

Overpressure-tiDe histury 

NorIMliacd o'YW!z:~prea.\Ire-ti .. hiatory 

Strain recovery rati,.J 

T.im. 

Arrival tu.e 
Tota' duration of outward phaae of r&d1al 
direct-induced particle velocity pul .. 

Ti>l'l!' of arrivel of W·lv.e front 

Tot.)l po.1.tift phaae .1uratlon of over
pre$curr-

Rise t1-. to peak cr.ter-induced dia
placement 

Ri,.,~ ti .... 

PeaK p~rticle vAlocity 

Peak ~rater-i~duced horizontal particle 
velocity 

Peak outrunning portic)e v.loc1ty 

Ma,U.IIl1,:III particle velocity 

Vertical diaplacement 

Distance alo~9 ground aurrace fra. point 
of excitation to detector in aeiSMic 
aurv~y 

lv 
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SYMlY..IU '&'~D NO't:ATIOil (ConUnlbedl 

r;)O'!. ,.'-.It ...... n al.rblAS::'-1.fldl.lcel illcident 
gx~;.· : - .• ,:. front aneA ':I~ound su;:-flilC8 

""9'1. between ahbl •• t-inducej pe.k 
qroW\d .hock ..:'.ont and qroWld Ilourtace 

Unit weight 

<':~eprE:tl.ive str.dn 

K.;ci.~"" cOIIlpres., \i~ atr&iL 

VerticcAl s:rAin 

ReeiciuAl strail: 

P01.son'. ratio 

Mas .. density 

NQrlll41 .t~ess 

Hcx'izontal .tre~H' 

In·~idQnt ;oJtresa 

Maximum stress 

AverAge maximum vertic.l strea. r~acheo 
in depth increment ~z 

Reflected atrtUI. due LO l .. ye:r .~nterf.ce 
reflecti<JD 

RefleetlS,! stress due to growl ... surface 
re£llectl')n 

Refracted or trAn.'Dit~",d .lres!! 

Vertical stress 

\'ert iea 1 .tre.~ 

Normalized haM; 

Ratio 01 acou£tic impt·ia.nces 

!vi 

'""·,·,· .. ·c'~·. 
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SDPaOLS Am IKrl'A'lI\lN (CooU.l,*,} 

34tCt 1.(.)1\ VI 

Ooeffici.nt 1n Sq. 6-5 

~f!~c1ent in Sq. 6-6 

.. utro.. do~. 

G...a do .. 

Incict.:ftt elttr.tric fiel" 

Ooefflcivnt in ~. 6-6 
~ 

Iddu~ ynit49~ wj~twut EMP .hielding 

Induced voltaqe vit..!. £tIP abieldinq 

Int.egrated X ray flux on a aurfOlc<,< 

Integrated tberaal flux 

Rlinge, .1~t: range 

Effectivenes. of ~~ ahield in tera~ of 
field attenuation in decibels 

TrauuUaaion factor for therlill&l radiation 

Yield 

.. diant yield 

Coefficient in Eq. _-6 

E~~r9Y conte~t. expre.sed in decibels, 
of that portio" of the i»cident electric 
field havifl<:< trt'tquency ill 

F18sion yield fr.~ti~a 

,,1_ 
Coefficient in Eq. 6-6 

1\111 
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SYMBOLS AND NOT.I\_TIOH (Co!':t ill~fid) 

~tfective .. plifLca~i~n of yie11 

Coefficient in Eq. ~-f 

Mear. free path of g~~~ radiation 

JoW. ... ';).orp~i("\n coeffic;;ent for 
X ri~diatlon 

MAa. density of air 

Freque~~i (in radian~) of electric field 

Sect.ion VII 

Pn.Jl!!cted are,l of an object (Jt-:""Dendi.:ular 
to t':e air f:"·~,,' _or drag or p4r'!.. _leI to 
the ,.u·flr·.., fOT Ii tt; crea or a 5tr-t:ct,.ce 
roof or t0lmdatiol. 

Al"';"; of structllr4': ~ouf)d .. ti.")n 

Erabedded area of frc.)nt dllG back. !ac.~ of 
aboveground st=uctu~e 

Proje~ted ~lle.l or .... aurf<!ce perpendicular 
tn ai flow for draQ or p ... rallel to air 
tl..>w for li ft 

Mea of l!itruct.ure roof 

lulk IIIOdl,lua C-f·;t',4StlCl·.t at const.ant 
! ntropy 

B'llk IIIOduJ ue ot elilaticll~- at constant 
t",JllperatJre 

Outside ')erim(:t.er (If ~ :;\truct.ure in IS 

f·la.ne parallel t-) t 11., grOlmd li.lr!.sce 

Drar,) c()etficient-. tor bet'''; suct.1ce of a;l 

c.bjac>: 

Dr~q coefficient for tr0nt surfac~ of an 
ouject 

IviH 

(: . 
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S~MBCLS AND N~'~'OM (Continued) 

Onl9 coefflciont tor roof of an object. 

Sei_ic velocity 

i.oaliing vaft velocity of a.ediu. 

Ambient .peed of 8()u,\d in air, dr,,'l 
or lift ~fficient for ~\ object 

Hc.at capacity 

A~rblaat rar.~action '~nt velocity after 
rl;flectio._ 

"'hear V.VII veluci t.y of _tii"ll drAg or 
hH. r.~ffici<a.llt fot' a 8urf ... ce 

Pro~q.t10n velocity of .hear atre.sea 
of 1O'W intenaity 

J~adinCJ V4ve v~l~ity of t.pacting ejecta 
.1. •• 11e .. terial 

Loading vave velG~ity of structure element 
lIIatticial 

Cylinder diameter, ba.e diDension of. a 
do .. ~ or arch; depth of foundation ea·' 
bedment for 4bove~round struct(~e 

Tot.al vertical l"ao on r~ion A of hO~'i2ont"1 
cylihu~r approxi~atlon (F~9. 7-47) 

Total vertical IOdd on region a of horizc:-.tal. 
('ylinder approxilllcldon (Fig_ 7-47): total 
~orizont41 load on ,ltxposed ~ck face of 
al1 aboveground .tr\,.lc~:ur-:. 

T<..:tal ... orizontal load r..n embedded back 
face of an abovecu·our.d str .. cture 

Tot",l '.orizonta;' ~oad on exposed front 
face of an ahov~9round structure 

lu 
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Pp 

PH . 
PH 

Po 

Pp 

Pa 

FS 

F<;M 

H 

HO 

.[ 

It 

Ito 
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M 
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SYHBOLS AN~ NOTATION (Ccntinuad) 

Total horizonwlload on emberHed fr.or.t 
face of an abov_g:ound etructure 

~tal horizontal load on front face of 
a aurface flush structure 

~tal horizontal load on back f.ac'! of 
a .urf~c!!! fluuh 2:trllcture 

~tal drag or li:t on an object 

• L~:tln9 valua Qf Fa for hot'izo!lt.d. ::t.rainl' 
~ ~ 1 

Tc;;ul load on the roof of an ab{).f\:f)rOun.! 
atxucture 

Total ~~Q CT b.ft on a Burfa.ce; t.vta.l. 
ie.tertace· sh.)!.r r')rc~ 4,:t.ing or. <i 

at.ruct. ... nt 

M4J: ... m~ allowable value of th;;; ir:terface 
shear forc. on a st~cture 

.structure height: height. of r:-e'_~'lIOgul.ar 
~~derground openlng 

Height of recunq·.:lnr undergro.lr;d openir.g 

Total iaq)lJ.lse 

St.rain concent:~"tiOI. factor 

Coetticient of later~l earth pressure 

StTuctur'::; le;gtt>.: dilQension at Iiltt'ucture 
in d1.cec~ion ~f airblaat prQPs9.tlo~; 
appr(\ximate r.:Hation depoaitlof. dt:opth 

St.rllctv.£"e _.a: mas. of i~Jactir;g eject.il 
,"izs~le, ,. pa!~met.er defininq tnt';! stTeloS 
fi~ld at larqe ,Uatances frol'fl '..ll.derground 
upeninga 

Loadiny modul~s in uniaxial ¥train 

Ix 

';-f.:.~ • 



MIJ 

~ 

Pr 

p.1m 

Pi; 

r 
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PINIA 

Po 

Pro 

':'l':ro 

Pf;O 

P'V,I't) 

1'1' P 2 

,; 

Q ;X) 

0...1[ 
R 

S~'\()LS UiD NO'l'ATIOil (ConUnl.M'tcU 

Ualo.Qil~l I.cd"l". Ln uniaxi.I,l .t. .... ~" 

Total no~l (ore. acting on foundation 
or aL«L.s of. •• u'\l.:ture 

Unlfc;~ radial atr ••• ~nent of ~iNplified 
aboYegro~~d ~ or erch loading 

Maxi~ .tr~ •• of drag c(~nent of 
aiaJphfied ,boveqround d,~ ~r arch loading 

Ma~i.ua atr.es ot initial component of 
•• pli tied f lexllral 1~""iin9 for an ahove-
9round arch nr do.e 

Maxi_Ul;s pressure of vertical pr~ssu,{"e 
tu.e history on the 'r?ot of ar, .bov~round 
or .urface fluah structure 

Peak shock pre.sure due to thermal 
energy d.po,i~;on 

AJlbient air prelia,ure 

Tot41 r.flec~ ~rt.5ure due to airbl.st 

PeAk reflected pz:e ...... re Above the Fe'lk 
ov~rpr •• sure 

P~.k overpres.ure 

l..~erpres.urCi-tillWt histo%1" 

ChaI:H .. ter: 5tic pre •• ures •• soclat.ad 
,.d.th .,irblast loadin9~ on arches "u)d 0 ..... 'S 

AIaO\~t of r .. diation de (.'011 i ted 

Rlidiati,)n .':'~t"-' • .lt.ion profile all • functhm 
of ~i.t4nce inbo Nate~i.l 

.. A.Xiau.. ... value of Q(X) 

Cyllndet' radius 

Ixi 
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';YMk.-OW AND NOTJ,TION (Continu'<!d) 

Stagnatlon ai::>t,aflce' 1 .. ·", t d~st.:ln<::,' tI:om 
5t~f'!na~ior: ooint en t:~~· ot· ...... ~ of d :Dtructure 
to the ed 1(- of U,,,, .. trU(' u\ to 

Vertical stl'eS$ in t~ev-h,dd at 
a large dis t.an.::e Z~o:r. ,in \.lnG.:>r'JcJ\,;nd 
opening 

Equilibriwa '.-.:.nlp"',rature 

Ar:Ibient tempt!racu.lc 

Airhlast shock front v~10=lty 

Reflected sno,~k veloclt) Wltt n'sl>(;"ct 
to a point fu:~d in spcl"~e 

Re'lecte<l sheet celati,,".' o.·~lv'_'1~y \'ith 
respect to "':!: 

Least tiilllenS\OI of ,'I iJ";~lt:d str~,cture 

lO<Jf: w.idth ot 4(> unc."''-',TJ,md up,::nln'j 1;. 
ror:k 

Width of i>.!", undergz'ound ,,;;·~'r.in9 1n rock 

E!!c::~iy'" fL'.""" field (;..; c.h c~l'ce:!o,)(,lndl!lu 
to the l.u_e-' illlt'l' It':::' Ic",l vei,';l.t1' j",.:;ay 
of an .al)()"f"qcounl,;' '>ltcuC" ,;1<, 

00pth >:c b",ried structure L)':Ji 

Unit adhesior lletlo'een fu:;p"'at .. on an..! 
soil 

Unit ~oheslOn cf soil 

Longltudl.ldl sound sp~",d ,n mdte"ldl 

Transvt'rst. "lound sp<!p.d l,. rl\..'lterl"; 

Distance In front of a r"f lee: Hl'J s'-lrt ... ,~ ... 
to wt ich '.I ref lection l"':s lsts 

Ba.se of the r.dt.'·Jr.sl ll,gd"itrJl\ 
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SntBOL;; AND N(lu.'!''''')N ,Coptinued) 

(·-JI\st.a..,t in £(1. 7-1: auitipIyirt9 'acto.
.i.~ Eq. i-l.2; t.heriMl conJucUvity 

\~-rpr&~s~re-time history: vertical 
?£e~!I,"':"e-t:i .. history on an aboveqr,)uncs 
:.r suchc-o.;: (huh stl;\lClure roof 

f "It"ur.l <:cIiUponent. of ai.lITl if1ed loa(U.f.C) 
on an i.'AOoVit9round .arcn "r d4-.e, cl,jnsistit.19 
of initial coaponent. Pf'l.t~. and a drag 
COiBtIOnent, Pt 2 (t); airt. ~.t pr.;:'aure 4\ctin<] 
Of. the expos.d l~ront face of an ~"eqround 
reel,Angular atr\;ct\:re 

In) tial flexural ~Ilt of s1apHfied 
leAdin,;! on .:n ab()veqro,and arch or d0l!l8 

f'le.u.-al component of Gllli..litLed loading 
on .n ~baveground arch or dome due to dra~ 

Oyn&DIic ;>res.ure-time hiatory: vEOrtical 
pr~3.ure 1". to .trbl.st 4cting on the ,,?, 1 behind an ab<>veqround st.ructure 

Strain recovery entio 

'~onstant tn £q_ 7·-1 

-'lotation indie.tot T"] that the s1gn of 
the quantity in pllrentheses i. to be 
IlSI!d 

['~rl!tion of refle(·tion on a str"cture 

'l'i.'Ue at which rarE·!actio". begin to 
erode a reflectet.i shock 

.'rriVAl time at A po~nt or int~rest: total 

.juration of an API,1 ied pcesloure or stre.s; 
total duration of stress wav~ in a 
struct.ural lIleaber due ~o ";1 inq>actir.g 
e)~eta mia.ill!': 

Rise time 

Staq"atlon tilW-

!xiii 
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SYMBOLS ANi) NOTATION ,Con;~inu.d) 

Ch:sra<.:te:istic t.illu. ailsocisttihi ",ith 
l<MdiLga on aUl'fa.,'e t.llls:' structurai 
element. (Fi;. 7-17) 

Cnaracterilltic tLl1eu aa50ciat4:-1 with loading. 
on I\boveground arch(.s (£1g5. 7-18 ar,,j i~19) 
and domes {Fi'J. --;;2} 

Ail: part.icle velxity .s.ociated with 
jncident ovel;-pleS'jUre 

P",ak direct.-induced radi41 particle 
velocit.y; atruct..Ire I:igid bouy v .. loclty 

Difference bet,,"!en fcee-fiel~ 40d atluct:Ult: 
velod.t.y 

Free-f.i.ld particle vel')city .at ~Jepth of 
• point of interetit 

Hori:';ontal rigid bo<iy etruct.UTE' veiocl.1:y 

itaxlUlUlli .lru.::tun~ rigid bod~' v€:locity 

V.d<>city ;)f impactir_;, ,,;,jecta misslle 

Structure di'lplacelltent in radlal ,jin~c :.iOil 

Strllcture ve loci ty in radial din:!ctlon 

Free-field 'hsi>lacemt>fl;'; if' nadial directlon 

Free-field pa.ticlc velucity in r3ji~l 
dire<:tic,n 

Hori%on~l dl,;t&r.;:;e from abovegr'::Jund 
struct'lre Cf'nt,~r ot qravit)' to rear 
foundation ndgc; distance into material 

Anqular c~ordinate definIng locatlOr o~ 
an arch (Fig. 7-L8 and 7-191; a phaSe 
of iron (Fig. 7-56) 

Volumetric coefficient. of t.he.tmdl ex
pansion 
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5YJoliIOLS AIID ItOTATI(,lt (Contl.nU4i04i 

A ph&ae of iron (Fig. 7-56) 

A ph-~ of iron (rig- 7-56) 

Non.aliz~ .,. •• ra~~c (Eq. 1-23} 

Peak direct-i;\ciuced radial at .... in 

Rock atrain at ultiaate strength in un
confined ~'Pre.aiOft 

Sphr.l:ical coordin&t.:e defining lOC:ltluil 
on ~n .bove"JNund ck.. .... (Fi9. 7-23) 

llAaa abaorptiol1 coefficl~nt 

IlIA •• density 

Ma •• denaity of iaap&ctin9 eject. lLiluile 

Ma •• density of atructurAI eleaent 
.. tartal 

Pt"<."1'''t-fieid atJ:!"5. at the depth of & point 
cf intereat 

Peak ~tre •• of 9round ohock stress "6ve 
il"~Cl<HoJ\t. on .:t b\a"h><l .tructure 

PeAk stress of the :!t;re •• wave ind1.lced :..n 
a !!tj;uct.I1~·al .:d .... nt d~ t,".) an i.JllpacLin9 
eje~::t.& .it.i 1e 

Free··Ueld radi:\1 sl.l·eaa 

'l'Ot41 radial -tr ••• 011 .. lJu'=ied cylinder; 
ruac~! ".oS ~t.rt!s. on a lI'truct.ur., foundation 

'l'ot.,l stre.s on the roof of • buried 
rect.v:gulAr structure! 

.. =;. ...... t ti~ of ai ::-blaa t shock &<;ros," ~;' 
Arch or ,iOl!!'f!!: t.her_l ehock r:-~£t.icie.1t; 
norm~li~ed ti~ (E~. 7-l~) 

Nonll&liz~ tl.:""<U at wlu.ch .. ximuM stl-urt'.!re 
rigid bod~' velocity XC1.u:S 
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SYMBOLS ,..JoiD NOTt.Tl()N (Continued) 

Lii<li ting "illue vf 6heor s t n.Ul,; that :nay 
be ieveloptd on a stru("'t.t.!:~ :~urfa.:::e 
which bears 4q3il'et eoil 

Half tnt' Ct! ntral angle of an "'cc .• or 
do~) an?lf 0f internal frl~lion of 
soil 

Angle of toundoi,!:..n !'t" iet.ion 

Secti -n VIr: 

Cross .~ctlonal area of in11viduaJ rein
fOl'~ing bar, st..::;>! member c·r cin.:ul"u:· 
ring; gco~s C~D»5 £ectional ar~a 

ero ... sectional area. of COL'l<::''''< scc:'ion 
in compreSSlon 

Area of core of .~irally reJ.nfon:ed 
concrete member measured t') the out:sid., 
dicllll.eter of ~he .JFirill 

Cross cross secticnal 4re~ of a section 

L.oooed are.:; of slc'lb prod~lCln'1 shf::"r 

Cross lu::ct:l::mdl .. rea of t,".slon sU!el; 
area of steel in Uk colW\J; Cor, the 
compression edge of d S~Cd!· 'old 11 

Cross £n~tional dred of tra~sverse 
5~ir&l ,clntorcew ~t 

CrOSE eeLtlondl .r~a of CUW~leb;lO~ uteel 

Are. resistIng shear (Fig, f-22) 

Cr0~IS se\~t iC;.41 arEa of r T,-.:\>;Ve.rSt: t'ec
tar.qul::r h,·:<.>~' r~info!"ce/llt.,r·l 

eros"! sc:~tlor.::l C!.c'f>;J. ot ;'. ',!.udl!1dl l.,,-· 

i:'''orcing st (>.d in COI,C; , 1~,en\L\"r under 
aXial load 
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SDWOL.i AND NOTATIOIf (Cont inlMld) 

1Qtal croaa .ectional area of web re!n
!..Jrcin9 over diat.ance s 

Tot"l cro.\ta • .ettonal ar.a of lChl\Jltudinal 
~b rcinforcin9 over diatan~e .H 

ColU1An in! .'-'M"ee fact-or for a ahe.x .. ·,,11 

M&ximua. valu. ~f slandarn ••• ratio in 
~la.\e ot be~l.~ii"" to insure develolBOnt 
of to. plastic bin ... at ultLute loading 

"act,)r dllifined by £q. 8-11 

Eap.irical COM,t.ant i.'" Eq. 8-{;1 

Outt;iC: .. <iiaRUter of • ~r.iral1y rein
torce~ circular ~r; diameter of an 
indiviJual reinforcing bar 

Diamet.e;o: of co,' ;C!,C~" confiruod by "piral 
or circl.·tar ~"",p. 

Modulus tlf elastici ty 

Modulus Q~ .1aFticity of concrete 
COrYespondino to the slope of the initial 
porbon ot the stre.r-'atrain C~'ve 

"'od •• l .. s u:,:!"stici ":y of backpacking 

"OCh.~.18 of elasticity of atacil 

Y~nt modification factor defin~d by 
Eq. 8-28 

She4r wall height t~ certer of top bea. 

MoRIent.:..' in~rt:la: ~nt ot inertia about 
cent~' .. Ii.d of horizontal section througt. 
a .h~,'r w .. ll inc'uding the fr ... but 
lLgnorl\'9 all reinforcement 

rTOIIHmt 0 r- i "\ert i4 of concrete section 

Kinkler-~~h curvature correction 
fact.or ~or curved ~~r. 
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SYMBOLS AND NO'l'ATION (Continued 

ractor definue by ~q. '-124 

Coefficittnt of l.tu~al 6arth pr •• sure 

Eftectiv~ lenqth f~ctor fer ~orR~ut4n9 
sienGarnevs ratio 

Un.upported length of a ~r; leng~h 
of slab or bea~; cl~ar span of II s~ab 
or be .. ; .hea. vall length center-to 
cent.tr 0': columns 

Required bond development length fvr 
deformec bara in ten&ion 

Benc2in(J JI':::Aent 

~nt Lt critical shetr .e=t10n of. r~~n
forced concrete ~~r 

MoDent. at critical $: .• ar SfJction of 1'",,-

1 .... nr'.:f'd concrete me~r aodified to 
.t;CO\1'.~· for axiAl thrust. 

Moment at Point I) of a Circular 0.09 

(Fig. &-25) 

MoMent at Point 8 of • ci!:'culllr r inq 
at firat yield (Fig- 8-25) 

Fully pla.tic IDOIIIent c .... p6d ty lit pOUlt 

B of circular ring :F~g. 8-251 

Moment At the b4la~~~ point ot the 1n
tC:C.ctiUll uJ -9£" fox a 1.~ lniuL~C::u 
C~N:"'r~t~ !:=~er 

Mo,,;ent capacity of '" circular ring ZO.t 
firs(. yield 

Ultimate IIIOI1Mlnt c,*p~..;ity per w .. a width 
of t.vo-uay slab {l.t the c,~nter of and in 
the dire·:tion of the long span 

UltUnate a~ent capacity per unit width of 
6 tWO-WAY ,dab at tho supports and 1n 

th~ .:iiractlon of the long 8~'"" 
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SYMBOLS AND NQT~~IVN lCoR~inued} 

Modified JDOnI<ent. which account. for redl.lced 
Wlf.;,mber 6trength d.)'! toQ l.rqe alendernes!' 
ratio 

M.udlllWi pro~ab.l ... 'W ... .nt in .. circular rlnq 

M4xi .. la II!Omf,nt reai.titRe. of st~el 
lDCIIIber ii. the .tbaence of .x1.1 loaa 

Ul tiawlt.e JaOfUll'l:: ca~c1ty of .. member 

~'Ylly pl.st.it;; Jr,iI.;Gent C4p.lcitiea at the 
ce~ter and ends, respectively, of 4 beam; 
~lti.~te momp.nt capaciti~. per unit 
\f~jth .:.'If slab at the cent",.: aitd edge. ~e
Sj>ective.1.y. of a circular .lab 

Ulti.1Mt~! _"-,,,nt C'.apacity p- _ ,mHo wictn 
';)t a tWO-Vel)' slat.) at i:he center .snJ 10 
t~e diroctio) of the short "Ipan 

Ult.uaatf? IIO;.. ... :.!- capaciti" t:-ar unit. width 
of ~ two-way slG .. b at the fJun>orts and 
in the di.~.ctloll ot the stl(:!"t span 

SIr>a:l~!" .. llld larg~r vaL.ali, re5pectively. 
ot end MOm~n~. ~c~in9 on ~ ~~~r 

!ntern41 mwaenc in ~ circular rinq at 
poution 6 

AXlal th.·..;st 

Total no~l load r~~lst.n~e at !irst 
~rackin9 of a 3hear well with no shear 
lead 

Tc.ta~ noneal load .:eSl.t~ncp at iirJJt 
cr"cking of a RheaI' wall u,..der cOl1lbin~d 
!oading 

Normal load r~.istanoe at yield of re
infol.:cf!llient_ of '\ shear wall with no 
shear lOAd 

N?rm.ill load at: Yle~din9 of reinforcern.::nt 
ot a she~r wall ttndt.:r combined loadir:<: 

.ll'(iai h.ad or thru:;;t; panel il'fluence factor 
LQr ahear wall 
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~Y!~LS AND NO'l'ATION (e<:W"bined) 

AJ(i. .. l ;:''4~ at ~t' ~H"ance j,Joi •. t of the 
int.eraction d~aqrdIIII for .. reir·f(.,rced 
concl't~te me-mbt.: r 

Crit iCld. bucld.ing 'o .. d IE.", 8-2'1) 

Thrust CilP,,,,C.tty of a clccl;iar :ing 

Cor;centrtited l: ... ci c@sibtlSr.<.:e o~ lh~:.t",:r 

1>4sed 0;) flexural ~api':citj 

M4I"1.Jr,lIn th"vst in A C1I'cuLlf tlf;g 

L.H:.iting s,-;-engt:"\ of a r.::';,l'.'cce:! 
C()ncretl!- .<!mbe4' undf"r ;:."r'> ,H, .,;:> 1 lOad 

Ma)(UaUl'll total prcs5u!"F. 0.1 ._:,:-'.·U~'.i:- rl.l'aj 
(q + pl 

~o at f~r~t fIeld of ClrC~~5~ rLng 

;;0 .at collap.i~ cf (~ir=~l"'l r 1:,'J 

C:on;,::entrGt~" lo~d .res~sten .~. of i!"'C,I.Dt:r 
based on she,,!' C~::..aClty 

;;'_;~i .. l lead c'~r~,:oc_t/ u..;,!~!" L""" inr<.i ax.ial 
10<i{~ an .. ; ex>:;] i IH) 

Maxlmurn ilXla! load j.t'f'. i s~. ,.".)t steel 
me;ltDer in Uw i:bsencp of b, -.'110'1 

In'.,:orli-il thrust 11" il circ .... :ar ;':lr,'1 <it 
positlor, 

Po: .. r, ... mett:[' deruH':o Hl Ey. 8-~.'t 

Radius or a c.!culCtr sl .. l.;; C • .t.jlU5 to ~~'ld"· 
thi.ckness of <l circ"l~! I:r clc~r soa~ 

radius of a CQr.,pos: r..e c los",:, 

Horlzor.lal "t ... ::,lc load reS"',:dH,t;' of '" 
shear wall at flr~t crdC~l~j 

Hori<.o:I!,.l <·~,>.tlC loae' rt'S'" ,,,,,;e 0f e 
shea:- wall dt fi!":·~ '.l.d ... i<.lr'~.i .... ·~,jcr cc.m-
bl"~ct lc~d! ;'.'i 
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SYKfiOLS AND NO'rATION (Co;;ti!"iued) 

,oIn!"lde cadiu. "f a circul.tr rloc;, inside 
~4dlUS of .. bdckpackcd c4vity liner 

Out ide t&di". of « cir~'u~,u rill<}: 
riid U8 of und~fonat.>,l cyhndrical rock 
cav ;.'/ in rock 

Slendotrne.a rati.o 

Ultima!:e horizontal rttsiat .• nce of .. 
si;t':n- w.ll wiUl no non •• l lo.ad 

Ult \:"Iate horizontal reai.tance of a tihear 
•• 11 under ocMbined lo&dinq 

Ela~tic $tr~.Q fftctoca 

CompresllSive IIw:t11i.')r •• ~ force ~r unit 'Width 
.,f • n arch or \1,'11'i1! tn the direction of 
cootdinat. a 

She"lc in'; forl.. ... o'.:r ~nj t width in • dome 
shell "t tn .. [ouodE.Lon 

Compr~,"I.iil'4!' .....,r~ne fvree per unit 
.L:!th of " d~ l:i the direction of 
coordinate " 

Shear fGr-~ at Cti~\c.l .ection of ~ rein
forced concrete memter 

Total shear capacity {V
uc 

+ . 

Ul~imate .h~&r capacity of concrete 

Shear ~apacity contributed by sh6~r 
(we~ r-.inforcinq 

Internal snear i~ " circular ring at 
position ~ 

Inelas~ic $tre •• tac~ora 

PI~atic sectlon wodulus 

Plast~.c sl;Iction lIiOdulud of trial sel:l.ion 

lxx! 
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S~~L~ AND NOTATION (Continu.o} 

Pitch of tranaver .. e .piral !'einfo:-':;E;il!i·.~j't; 
.pAcinq of rectangul~r h~,p r~l~for~.j g; 
width eVar which applied unifo"l" load 
acta on " beu. ·.)r (.ne-.. ·.':y lila!.;; cC'r)',;.,n-to
center diat.:.nce bet",~en "d)A(;eot ~ :' .• iJ"': 
inwald displar.·nent ot ~'oclt .-:.v.i t'/ (Fig. 
8-31) 

Width of _Alber: widt.h of !'lan~·t· .;;;t a 
cone:.:t", I vC T sect.ion' ~m .. acd {ll~'!J':"~-:::-c
fti<:nt ,)f rock cavity (Fi;J. Ii-H) 

Wldtt. of web of concret:,' I <)r T .n:cti.:m 

Hillf-thl.ckne •• of .... all of circular ring 

Effective depth of a ~embez, d15l~nce 

!rom extreme compressi~n fiber 
to center of tenai 1-:, steel; d'iar'lelt:r of 
the circle thx:ough'the CCi!nteca of 
lon9itn~Hna.l reinrol:cing in a ci rcul,u 
mt.·mber 

De P 'd. frQIII eJf,tre~ c~ression fiber 
to ccntfn of cOIT'C)(~s~ion !!It,".::l 

~,~th of web of !!I~ Jet IIICmber (h - t
f 

I 

£::ce:1tn.city of axial load tr'0ll', U.c cent.t,;..d 
of I:.h,. t.ensile rei:'lforcClUeI.t of a sy:nmetri,· 
cally re~nforce~ rectanqular con.:::'et,= member 

Eccent,o.;;i t.y of a;~ial load from the i?lastlc 
c~nt.i."Ol':: ?f a £ymmetr.lcally relofor,:ed 
rectauqula.r ~('",..!"~¥:,?, !!'!.",:::ber 

Eccentricit)'· mcd5ur F j from the r!:"stic 
c,~'t.roid ot iii. reiJ~f0rced coneL'€li: rroe~ber 

for the balanced case 

Allow,~ble <lxial st.rf·sa in steel ".",rr,b~H 

in absence of Del dJ ;'9 

A!lclwablc axial st..-eslI In steel n"'i1lb€r 
whf"a memt..-er i::. rr·st.-.ir.cC-:! itw;; b.·r"'ing in 
the weak dicdction 
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SDlBC'LS AND h'OTA'U:::>N (wiitlnued) 

Alloilable axial .t."~II. in .taal 1k.-...bE'r 
when ~~r i. not ~~.tr~ined fro. 
be.'l.~i"9 in the -.:~:t dirf.ction 

Unconfined c<*opr ••• ive st=etuJt.h of 
concrl!te 

Averlge cOflpre •• 1 .. atre •• in c:oncrt~';f' 
at .. ';'tl.aatfl .trength 

Parll.~et.cJ: <lcofined in £<i' 8-•• 

IItltsidulll .-:reli8 ~ue te. C:&'8t1ng Clf a 
section 

St.:-a •• it. traneverse .p~ ral reinfcro:ment 

St;re •• in t;;anavec •• rect&nn\ll.ar t.,xp 
c<!inforc:eatnt 

'Held .tr.n~th of .teel in uniaxh.l 
un.ien 

Yield strength (t hoop reinforc:elllfU"ll 

Total depth of a .-ember 

w:-cter dl,~n8ion of rectar."ulllr ;:O:,Crf. ::e 
are. confined by recta!'l9U1. hO')pa 

Thickne~. 1)( bot-tOtl! steel plat~ of 
.. COIIIpOSib! clc,,~. 

Thlckne •• • )t Gt.eel l. .... ler per-tion of a 
!"ocJt ell"i t:f composi te liner 

Depth of c.:)Dcrete within the stf;el •. ,e11 
of a cO~lite closurp 

Nomin81 backpacking thickness 

Ratios of uitillla.te moatent: c.p.citit~. 
at supports 1 and 1 ~o that at the 
c'.:~ter of U·.", longer span of a two_",y 
.lab {rlg_ i·21; 
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SYM.ROLS AND NO'fATIOri (Co;," inuedl 

Rat 108 of ul\.imat~ l'IOi~r.t '- ,>pcv:i t.l.es 
~ t .. upport,& J And • to tha t ': t t..r.e 
center. of the short spd.n of d two··way 
sl4.b (Fi.g. 8-21) 

Par~ltet' defined in Eq. 8-7 

F~cto~ defin,d in Eg. e-l 

ParAmeter 1efi~ed in Eq. 8-7 

R,.'tio o:f IIIcdulu" of elasticl ~,y '.Jf ste",l 
':.0 fI'Odnlus (.,f elasticity o' C:)I1C.P:;t", 

{i,;; .. /Ecl 

Tensi(;n steel rat.lO 

Co..'preSSl.on st.l~el rat.io 

Maximum ampli tude 01 til" n')n .. ltH f(·rm 
component of externa.' pr.",,::.JU 01, a 
circular ring (Fiq. 6-2~:;) 

Tensile steel ratio r~~uic~~ to bdidnce 
th>3 compr~lIsion force .;.n the rect..a~\gul .. r 
p~rt,on of an ~ or T sectiun 

Te::sile stt:'el rat.lO at th .. ,:·".~'!.r of a 
beam or one-Io<'a.y 51!'!!:; aveca (' tt'rlsil€ 
.. t'..lel ratio .'!t th8 cent"l' C .;!! t""'- ... ·ay 
slab; '1!".itorn, load ct.\IllpC 'en tor arch 
~. OOCllt;' 

Critic.i unlrorm pressur~ an a ring. 
ard, or dome require,i to ':",L';'" bu,~k: 11. 

Tensilt:: .uel ~atio at th.., ">'':$ "t '" 
beam or o:-,e-way sl:.\tJi a.verd·!t~ t~;'sllt:-'" 

elpel ratio a: the edge of • two-way 
s14b 

"t'ensile stE','~ ratio requirl-~ to bala.nce 
the com~'rc8S',Vt" force in tht, ;)verhar.'Jlng 
portions of tIl'" flanges of T I)I 1 
secticnr 
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SYl'IBOLS ,\N0 tl0TAfl<X-l (('':lntir\l.e<!) 

Vn~.:or.r;lv dist~ ib~t.'d ~..>o...i on beaa or 
0:1<.: •• y sla1'-; .)ni::"::.:t, 10.)d l .... i.t.nce 
ba!';('d on fl'xuia!. .;:ap.£citl'; non;Jnitont 
10.'1.; co/lli'O:\ent. for an arch ('I" d.1.~ 

HOClzontal 80i!. .tr~s. 

A\'Ei: ... qe tensi le steel ratio at the 
ct'Hterlin.e spanning t.he lor.q Qlrccti.:>n 
of a t.wo-way slab 

Ave,' ~e tensil,- steel ratio .t. the edq.! 
lipa·l.nil".c; the long ·ju:ect illn of a tvo-w.sy 
sh.b 

Free-fleld stre~s 

~nU:;).t1I lo.d rl!sista~;:e .,t " lIIembe .. ba<ed 
or. '>:;'.u cap.aclt.)': :,~,tic. of spiral. r-:.l.n
forc'..;.~ 

Av;:,ra<i'; tenSll.! stct:l r.tio at the cent.::r-
11ne $pan~ln9 the shoit ~lrectlon of 
a dotO-way slab 

A"'ei.-a':le t.en.ih~ ~t~l ratlO at. the edgfl> 
spannlng the shert. ,H r.'!ct..Lon of a 
twc-war slab 

Tctal ~teel rh~jc (·f r,~in!(,rC'ed ocr-c·.ete 
_1"J:>cr under '4l(ull load L.aaea upon the 
9?OSS ~~:08S section are.' of th .. IItf' -rber 

Vr.: ,.~.:i >JOll. str .. '';s 

Tot~l te~~ile ~te~l r4~io in 
S<'Ct 1 ~;-. 

or T 

Ma·;r,ltu.~~ ot ..mif.;:-'", '::c-"i>O'lent of ext.ern.,l 
p"'~SSUl'e Olt a:irc.;tar .riaq (F19. 8 .. 'l5) 

t'actcr defi ned in Eq. Ii -1S 

Cr~'_l.::-.d bucklln<! pr':";' .. ~lr,~ 

R.;:,il;J.s of 9),nl. t. on Clf tnt:"DC' - cr... sa sect.ion 
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5i"501.5 AND NOTATION (Continl.led) 

-:.edtu. frocn ccntfH' ,)f Circular rock 
cavlty to insid~ of concrete llnlng' 

Boundary ~~wt>en el •• tic and lnt.,iastic 
regions in a fWd UJ'I Iae&ltuced from the 
center 01 .. cyll~dr.chl ~AVlty 

Mlnimua value of cad'.us of gyration 

Spacinq o( vert.ct.l. .~.ear i ... ei;\ nHn
forc(.ae~t. 

'J't:!.CA~ apacihJ of longltudinal .-..t. 
reinfcl"ce."ent 

Flange thic1:.nt:ss Jf an I or T re·n r 
..... rce1 

concret," .. ·.ction; thicknca" of a :w..-mber 
in t.h~ di.,,:e\,tl.or. of oer.,hn'~; t),.;...;k'-.ess 

. of a a~~at pan .. !; ~:J.rcvlac r.t:!S :n;ck.;lf:SS; 
tni-:-Ar,elis of C'Jnf'flln<:: steel :"t'.J ..;f CCfi. 

p·:;,si t~ clos~rt.· d·.lck;ess of ba .ilFCIcileC 
ro~~ cavity l.ner 

tl.nge Uacknea. 

"'eD thic).:,ness 

Average web sheAr str~ss 

Volwr,e of c'Jre lII€<lsur-ed <"l;t-t,)-0Ut 01 
spiral 

lolume of "piral n·lnforce.'llent 

!,lit wei(.. ... ~ 0::: con('rt:!le; unifon~ 10 • ..1 
apP_l£J' A ~lab 

.:>eflcl.tio:\ of bacKp.aco(ed 1 .'~r lrlg. 8-31: 

Distd.~c.e fr ... n: extreme compr.~ssl· e fiber 
tf' neutr!:.~ AJ<.lli 

Dll!'.ensior.lf">S p.ra.uct.eu' '!!flned d\ 

Fi9' 8- ;) 

RatiO of short span to long ~P'~ tor a 
t·,;· ... :.t.y slab or F).ate; an ... llA ,','<.}l'jlf'l!';te 

definir.~ loc.tion on a dom ... or an:h 

lXlCVl 
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SYMlICL! All::> 'SOTATION (Continued) 

Pr •• a~re r~tio for A circular rlrq (q/~) 

"/4 

Rat to of ulti .. te .... nt in Lhf! 1""9 SP"" 
Sh: ~cti,:)n to that in the ah()r'C sp.in direc
tic 1 at thf.!! center of a two· ova}' 5 ~ab 

lI'ar-,UI:It!'ters defined .In Eq. ',·56 

Defl4ti-"t.ion of Point A ~P'i'J. 8-lS) 

Def .eetion of Peint A at Itlaat ic il.lllit 
(Fi c,. 8-25) 

/); L.~'ctl""!' of ahe.r wall at flrst oraclung 

Peal, probable ehat-ie d::flectlon of 
cir(:\11ar ring 

Inltiat ellipticity of circutar ring 

!:!;:$t.l..; ueflect.10n due to nonw,:'fonD load 
cOlDfone;.t. P. on a Pf!rft"Ctly r~\I.4nd circL
la_ ring 

De!; ectl 0", due to unifona Fr~ss .. re on 
circular -1n9 with initial ellipticity 

oP' :'ecticJI1 of ahear wall at ult:.mate rl'
~u'tance 

Strain in concrete at ulti .. te strength 

L~miting strain 10 b&ckpacking be! re 
.~r.in h .. rde:liuq occurs 

Str&in In ~ckpackin9 

Peak direct-induced ra~i.l atraln 

Straln in compre.8!Jn ateel 

,I ield a train 

Ci~cumf~rential Btrain at A pair: 

Angul.:.r coordinate defining locatlo" on 
a dome or -irruiar rinq 

Angle £< on circular rinq vhic', deflnes 
the threshvld of plaaticity 
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SYM".Or~c: jl.!J~ ~7.,. ,:~ ~ (CC1't i ;,,,,,,d) 

;":urvat,.u:,' 

lk:i;lI c,'r-vabrc at l,;,~tL"dt.,· mom~'flt 

B.·art c,Jrvat,r .. at Yh'.i rr.c"ent. 

Duct i 1 i ty i"t, t i0 

Po is son' a n; t i 0 

.h;':la1 <:':l!"'~rtS$4V" st, ",''.11. 1,", t'J.~;'l<l: 
CG:n{: res (:' .. on 

!"!axi.r:.t...m' t"~l~;: cf tJ::;;..:; .. '" ...... ;. '::'!'M~ 

maXllII'.1lll {'b.'1: str ... s~ I ,,:lTcu}ar st,,~.,d 

[1;11 

MlIHl'lIum val~:- of tr l.~;, 4.1 1 st n S5 

YlelJ st ;,es:o )r b.'\ck~',h-K' nq 

;)I:rt'ss in b~("J\;;) .. ckln.~ 

UnCOnfln(\d corpres~ ... \'~. r(!~'1t~·. of ~'..)f1~ 

.:Tete: raJi41 ~,trt'SS ;,: \\ pGlf',t 

RaJlal preSSl;:t? exert,·.:! r)y In i.~,n,,~r stt..'('l 
lIner on ~hf" {'.)ncrett i:.{'!tl:.)n of a "':-0[1"':

pOSit'" ro.::j." ""Vlty 11,,'! 

Vncontin~d :ump!~~SI~' 5'r~~~th of e 
mt'C1UW 

::.i.It" ... ~.! st.r~s: 

Prln~~p~' trl~xlal s'r 
o t a ('" ~~, r, .... ~ t e t t" S pt:'l '.-- 1 ~ 1 t: ~ 

T:ld)Or i r h'lei!"al :,trl.'S";· 

mediatt? Fr:nCl;,ll :.:~r 
"' 1 f. C, i- ~). ,," ,:' i ;::- ~~ ~ ~ t r t' ~ . 

~ ~~ .... ~ S d. t : a. 1 1 u r L .... 

-:..,.~,,~.,;{- l~ ;s tht":. 
, tflt' lntf1r-

::;i. ;:.nd f"nt"~ 

Ur:.1.foI'1"" .ldterai c'-'n:: l' pr~'~::S\'lr~~ '..r. 

t~~~"",J; (>:-~l"·rt"s.;:..l. ~ ! ~' . .l. n·.; i:-,rt·,. -;.Jre 
t.- J )\' ;"0<."'::' }' S,' 1 r", 1 . .: It' ~'r rec-
ta:'"""Sj...113I 100i=S 

ClrC'o..:~~~?!~':1l.·~l :;:.trt 'f the ;.;on(iet.~ 
p~)rti .. :~l ,)t ct rc.l'-.':k ..:Jt' : J> '. J.lf;~'r 

Ont- L~,~ :he C""HIJll~' 0:':;' Clrl~'-ljiH: 
ar~r rr 1(1M~ 
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~Y"'80LS AhD NO'I'A1'luli (CCntinue4) 

hCtlO'. IX 

Respons •• ~ccrua .cc.1.r.~*on; aapl~tud. 
c:oeffici.ent; coeffi.cieat ~TAbl. 9-12.:): 
Are .. 

Axbit.rary ~J!).t.ftt 

~o~stant ~fflcient. 

R&aponae a~ctrua red~ction ractor; arbttrdry 
COft5tllnt 

Arbitrary constant 

Oynaajc re.iction coefUcieni::; 

C~ffi.cient (Eq. '-182) 

Reaponse spect..-u. dispb,cement; aaxUIIl.llll 

relative di~p!.c~~nt between wass and 
support 

Mod~lua of elaaticity 

Concrete modulu~ of el.sticity 

Arbitrary constant 

ForCing funct.ion 

Frictional force 

Peak v.l~ of load 

Para.etera (Eqa. 9-18) 

Arbit~ary conatant 

Maxiaua spring force 

Toul force 

Eqllivalent for;e 

bxix 
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10 
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K,c 
iCR 

J(LH 

Ilrr 
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II 
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Kp 

Nt 

N~ 

Npc 

"P. 
Mrr 

SYMBOLS .!;ND NOTATION (Conth..-.l) 

INll height 

tIaID.mt Qf Jnertia 

~nt of lnertia of :;:eid:orc.,'d concrete 
a.cU,on 

It. i ti al IlIlv.' .a. 
Pol/u ~.Cl"t of 10ert1. 

~~nt of !nertia ~ith re.~'ct to 
radial lirH' 

Colu.n lateral suftnell'1I 

Load tr.n.fo~tion Zector 

MA •• transfOX"IaAtiontact.or 

ae.i.t&nce tran.fo~'tion f~ctor 

Load-.. •• tran.for.aation factor 

Paraaeter (Eq. 9-117) 

Len9t..'l 

Maas 

Lwuped .. ss coeffiCients 

Ultil!late or pla.Lic moav:mt 

Tot.l was. 

£quivale"\t lIIa.s 

Ultimate pol>i"ive nIOfllent C:dr·.acity per 
\>~i.t width at ..... nter of Gl:rcu:lar alab 

Ultimate '1e9at ~ve ....... 'lII.,mt ;;::apac i ty per 
unit width ilt p'!ye of I.: ..• :·cuiar slab 

Arbitrary ~onstan~ 

lx~ 
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SYMBOLS AHD NO?A~ION ~Continued) 

Colu.n Qlti~te ~t CIlpeci~r 

"'Otal ultilute pcdUve iU'-"MInt cap&c1.ty 
•. loD9 aidapa:l saction paraiial t.., ~hort 
t.'<ige of two-val .~-Ilb 

'rotal ultilute positive -.ent -ap.c:Hy 
clong .id$~n section par&ll.l to long 
ed~. of two-way alab 

Tot.l "ltiaa~e ~~.tive .a.ent capacity 
.tlor.9 ."pt &~~. of t.i:'")-W&y .lab 

~o~al ~itUL~te neqative ~nt capacity 
al,-ay long e<ige of two~'S:t al .. ., 

Ultiaa'.:e fte']atl"l'"'! --.ant capacH" per 
unit width .t center of short edge in 
':'~eet.ion or: 10"9 span ... ~~ ~IIIO-w.y .h.b 

UU:; ... te .-"'qAtiVtl ... r.t c.pttcity per 
\0.- i t. ~i dth a. ~~nt:"r .)f IONi edge !n 
direc~ '<")D of td..,.· .. .,an of two ...... y 
slab 

~e nWllber: inte9,,:-

bsiatan(';e; radi"s of rift9. :-:rch or n .... -

Shear vail resi.tan~ at crack1n9 

~::i!'tance req,,~.r.o:> or prov1(k~ 

Ult~te ahe&r veIl r •• istan~ 

Equivalent re8i~tanee 

~~ngth of arch axis 

Natural r:"~iod 

En~r9Y 

~-rl ...... ic re&ction~ reapona •• pectxUIII 
pap-udo-velocity 

'rotal dyn...ic react;ion 410n9 ahort edgE! 
of two-way sl&.b 
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SYMDOLS 4ND NOTATION (Continued) 

Total dYn&Plic r\lIllcl'_ion ah·~ .. l ;;'on, edge of 
tvo-w .. y :!.b 

Relativ. disp14ceDent bf!ot . ."een filii.!' And 
aupport; weight 

Ilelati"·,, a..;;:;:"'lera':ion bet ... eefl '.1\4"~ ':""Id 
auppv;:t 

OiAllett'r of circul.ar slab i'I'a.i.,,!,~ 9-8); 
Arbitrary conatant.; peak spe':tral absolute 
ae<::e l"~r S 'J.on 

A);"bitrary con8tan'~ 

~~Q'n9 cveff.icie~t 

Critical damp.l.r.g coefficient 

Natural logArit~ baae 

P'r~llA'lcy (1i'1!) 

Ultimate ~~'ll~;reafli\'e :':::,{:r:9cl', :;of conctete 

Acceleration of 'lr~vity 

frame story heiq,:xt; thiclr.zws:,o '.'f plate 

Spring consUlnt; sti f'fl1<2sS co-eft i.ci.ent 

Shear w~ll stiffness PC10C l0 crackjng 

S:.ear wall sLtffne .. ,," at ultHIU.tf> lo",d 

Effective sprinq conat.lnt 

Equivalent apriilg conl'Otant 

";::-i.t LlBWlI 

P .... ;-'UlleteJ.· (Et:!- 9-183) 

Integer 

"re.sure 

L'(J(x ii 
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SYMBOLS MID MOTATlt.: (COAti,u .. )) 

Set ot COQTa1n.te. 

Reba"",t re.i.t.anulJ ra41U11 of erOSlt 
section; radiu. of tyration of arch .. action 

TiMe ~ t.bic:-kn ••• 

T iaa of .ax iaUM ~.poDS. 

Dl.aration of overpr ... ure 01' dynMlic load 

Ri .. u_ 
Relative di.pb.~nt between ..... and 
aupport 

RelaUve velocity between .... and .~pport 

aelaUve diap1a~t between ..... and 
aupport 

Maxt.uM relative di.p!.~t between 
.... and .uppo~~ 

Relative di.pla~nt between .... ari 
.upport at ~ielding of aprinq 

B-;uivalent relati". di.placeaent bet:ween 
...~ .~d .upport 

Velocit.y 

Unit weight c·~ reinforced cr...nerete 

Di.paceaer". 

velocity 

Acceleration 

Elastic di.pl.~t 

S~t of coordinate. 
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SYMBOLS AND NC~ATiON (~onti~ued) 

"-~ia.~ displa~esent 

Maxt.u. aeoeler.ation 

Dlaplt.eement at t1.1DO zero 

Vttloci,ty at tiJlW!l %I:ro 

Perma~ent set 

Effecti ve di .pllle .... ',. t 

Eo .. ··: =oi.nt displaeeaell t 

Maxbl\.uD ~quivalent ace.:l.el'lltion 

Stat:ic d1splac~nt 

Dirpl.acemont of .up~ .. !;;; displacement 
coor:Unate 

VelQcity ~f sUyport 

AC~f,leration of s'Jpport 

Pe~) •• upport d1.Bplactmlent 

P.ak support ve '-ocity 

Peak support acceleration 

Distortion coeff'icic,mt 

Arbitrary constant; paraJllj~'~er (.~~. 9-19) 

Pal: ... ",;;.er (Eq. 9- 1,84) 

Parameter (Eq. 9-1S); dampio9 rOlI·.io or 
fraet;ion of cn. tical d.arrti -.ng; arti tr~ry 
constant 

Weight deo'lsity 

Pftr~ter (Eq_ 9-150) 
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Ae 
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A..d 

SlleOl.i; All) .~TI,* lContimaecl) 

"."'ch C'~tral &Cile 

Par ... ".~ tIo«. '··lOt) 

OUctl..l.ity fact.or! !'laSe pee unit lenith 
01' ::-ea!; Poi.son·. "atio 

POl.son'. eatio 

Ma .. dar.ity 

ou..y tnt-vratl~ variable 

Function; pha ••• n~l~ 

A •• ' ...... IIOde alY,p. 

CORIput.ed ~ s;h.ar:--. 

O)ff~ic l.f)8d taCt-l.:ll' 

Fr~~~, (r&d/sec) 

D.U!p4d nAWCal freqUl9acy (rad/aec) 

".tur4l fr.qu.ency (cud/see) 

Pseudo fr..-q .. ncy (.ad/asc) 

Natll.ral feeqt~ncy vitll axi .• l lead (rad/se,.:: 

Section X 

,".::;:; ... lIinN::k spectrua accelerat.ion 

Col'linder area 

Effective area 

Piston area 

Air lx:.llOtll'8 t.:,tfe.:-Lve ,"rf'4 at height hd 
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Dr 
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SYMBOLS ~D NOTATIJN (Continl ,~J 

Ail~ uellow!l .ffect:iv~ &lra at ': -" height hd 

Ail" bellCNa fotfective area at st.-tlC .1e
fl~ctJon 

Fluj~ b~Jk .adulus 

P"r41aeter (Eq. 10-53) 

Spr ir.'1 in.ie)~; coo-• .,re •• ibi li ty 

Liquid aprlnq fluid C'Jmpresz .. l:n,l.i'::/ 
at .... ximWII dynall'd.c doi'!f,'~ctlon 

Factor of satety ag"inst bottOiTll ng 

Con .. t.nt (Eq 2.0-12) 

Vara-.t,flr (Eq. 10-52;. 4l'IUl() Sf'l'log fluld 
cOIIIpre •• ibility i.lt :lit..lt' ''; det lev',lon 

Coil diaaeter; ""-\r ':'¢ll.Q,f'l' dldlll<:.ter; shock 
spectrum dl.pla.cel .. ~'n t 

LiqU1.d apn,nq ..-"lincer di~r..et.~.r 

Li.quid sf'!'!;;i; ,aston cha.\lllf:'ec 

Liquid sprin9 p1,st-Qn rod dloL-_",L;j;' 

Hodulu5 of pla~ticity 

Force 

Later4:i force 

Vertical torce 

SheAr m?d\Jlu8 

Fre~ height of coil bprinq 

Coroprer.5ud height of COli spr 1 i~; 

Moment of inertid 

Tor"lon ccnstant 
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S'lJIIlB()U; AJfO NO'l'A1'IOII 'eonu.'~) 

Lellqtb 

C'i lind", le"9th 

Lenqth t)f unilQX"a di ... UrL partior. uf 
torsion b-.r 

Effe<:tive LenC]th of torsion bar 

Pnm,Jlur.ic aprirlg cylinl1ul" cha.aber lenqth 

Lt!ngth .:>1 to:rsion baL' taper 

,. ... 
N~r ,:;,t actil--a ooila; nu.m.r of bellows; 
nuaber of strainin9 cycle. to fail~e 

Axial load 

LOad ':orl-es!y.>nGl.ng to full c:capr.~&i.on 
o! coil aprfl9 

S:.aCc 10 ... " '.00 air bellow. 

t;ffect.ivoe len~th 0::: torsioll lever 

Torq-"'. 

Maxl.a'" torque at t.otal deflection y: 
t.oral(m bar 

'!olae; shock spectrua pseudo-veloc:i ty 

Ct.&IIIJer vol ,U1Ift 

Lig' . .ld "prirl9 vol\We at .. ximaoJl dynaa.ic 
d~f .eel-ion 

Lic.uid IIpring volua$ under no load 

.ite.ervoi~ yolWlle 

S·.1rcze t«u.~ -.-Cl\J!!Iei rolling bellCNs cylinder 
vol~e ,: liquid apr1nq volwae at static 
d{"tlecti":>ll 

,uial l·;)Sd; weight 
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i>YMBOLS ,\If" IIOTATIOIC (('::"ldnued) 

Diaenaior. of len9~.h; aCf;eleratior. 

OilloWn8ic., of length 

Rollin9 Lall~s sl~eve dimenuion 

Bar 4ia.oter; di.pl.c~')t. 

Dia.e"Ar of tA.~C8"on bar s.,Uned erA 

rc...-qu.enC!y (81;) 

DynUlic n~tlAr1l1 frequency (tiz) 

Frequency 4Ha) at heutra~ position 

S~tic: natllral freq.Hmcy (Hz) 

, Frequepcy (Hz) at extende::! positl,on 

Accelerat.ion of gravity 

Effective solid he .. qht of coil spring: 
rolltft9 bel1ow~ alecve dlmension 

Air bellovs height at. pea" dynamic dis
placfO;lIIent 

Ail bellows height at 80' design dlar~ace
~nt 

Air bellows hei9ht at stat' (: di~place~'nt 

Spring constant 

~fnAmic sprinq constant 

Lateral Pfc1ng const~nt 

MaxilllUlit sprinq (;,;;,netant 

Sprin'J constant 4t neutral positi:m 

8l::ati..., ~pr.i.ng COlli¥t&nt 

Spr. nq const:ant I'.t ext-(;r!<ied post '.:10n 
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SYJeOLS MD NOTAT:OII (COftt.inuad) 

iiUl!!tler of turna; nUWlber of inactive ceil.; 
ga. ,onatant for air 

Pr.ellaurea 

Pne!'DUtic aprini cylinder pre.sura at. dis
placed po. 1 Uon 

·ChaJlbea: :;»re.aur. 

Pr.t> .... t.ic aprihg' air pre.aura at fJa~u-al 
p'')sition 

lolling ball~ piaton pre.aure: aurse 
t.A.1k preaaurc. pre.aur. in liquid apr inq 
at .~tic deflection 

Ai:!:' bellow. 9age P&"~~'lre at hBight. hd 

Air bellOVll static 9&98 p4e •• ure 

Preload ~.SU:8 

A!r bellOWll ab...,lutn pre.sure at. volusae 
Vi' '''2 

Alr bellow. qag. pre •• ure at volUlMl V l' "2 

Torsion bar fillet r •• diua; rolli"~ 
wllova ralUu. 

Ti.-a 

~ol11n~ bellows ~.r hei9ht 

Velocity 

'Ji=pu.~t; coordinate 

; .. i.~lpl.e~l\t or .wv~=~ ~ deflection: 
coordi.~ .. te 

Av~ilible dJ.p!.~ ... nt 

lqn..ic diapl.;;:~-.nt 
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SYMOC-LS AND NOTATION (Cor.t:in~.,d) 

y. 
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An 
tot 

Acr 

~st 

Adyn 

e 
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11 

e 

at 
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A 

AV 

Alit. 

B 

Static diaplaceJlleni' 

Cool.-d ina te 

lAteral t!ef lection 

~·.l deflect10n 

Cr ... tlt, .. ] buckling ,J",flect.lo:' 

Static deU-"'C'ti.;>n 

DynAlllic deflel"'tioll 

DADlping ratio 

Allowable d'~L lect ion F~r UP. t it;'wlth of 
solid h"~'1ht of .:oil 1Ij:l::iIl9 

Diaplacenent cAtio 

An91e 

ToUl ar.c;Iulac d.,fl'!ictlon of 1.orsion bar 

WAhl ~rrection factor 

Allowable vocki.ng stress 

Shear Strefl8 

Frequ.eClC"1 (rao/secl 

Natural tre.;uel\cy {r d/.ec) 

Sect.ion X.i 

Are.a; tn.rat coefficient 

Area of ~hea.r lei nforcen.enl 

'rotal .,r~a 01 ct--·l :,'!'!nl'ot"ce.'!lent 

Arch span 
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SYMl~OL:-; AND h'O'lW::"ION (cc«t.lnu,>d) 

S"l .. i(.~ ve;"o~~; ty: .ean Iliaber of 
pr.o~uber&n~~. per ~nit l.nqth of duct 
or tunnel 

Wave peak vl.loc! tf 

Uch llAtural treq .. nci coefficiMt {Eq. '-182) 

f'xp4'lriDental coeffic"l.ent (E;-:, 11-:1 

Front face dra9 coet,ficl.ant 

Roof drag coaffi~!ent 

Duct :>r tunne 1 dit.-e ter 

... utron do •• 

c...~do .. 

Modulu. of ela.Ucitf 

X ny nux 
r.a.!lk value of .ppl1ed lo~ul 

Arch height 

~varAge dep~~ uf cover 

~t of 1nertt. 

~~ 1Jh1eldinq dl#:;:.ct.ar!=U.c 4i-..naion 

CUl ·.ture ~~rraction factor 

.~oeffic1 .. .,t of latarlll aut::h pre •• ur;! 

Load...... fllctor 

Lenqth 

Moa&nt: eoefflci~t (Fig. 7-4') 

MoIaent at cri tlct!.l 5.,;tion for a""41.' In 
reinforced concrete ~r. 
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S'l~.BOLS AND KOTATIOIi C-:)ntir.~'9d) 

PI.IJ!.j,c IIOIIIentl u!.ti.Late loc.me1'4t 

Total ..... cf. 4l1 .... nt 

Toyl _ •• ()i .<iditi~oal !'"jAurial which 
reapond. wi th an el~lent 

Ultiaata IhO,Mnt. 

Ulti-.te ~ ..... ,nt c-Ilpacity ~,t: ftlldspan of 
bti&ll ox on\'I_lly slob 

Ulti-.te gqme~t cap&~ity ~t su~port o~ 
be.,. or Otl.e w"f .lab 

UltiAa~ •• lIItent ,"<.pacity ty':r un it tlidtn .t 
the center of and in th~ direction of t:.e 
short span of I!! t .. -n-way II .ian 

Total tl1tim"Jte positive ihOm,~r.t capac.'..ty 
alon;; cidapan auction pAJ ... t:"cl to abort 
.. 190 of two-way sl&b 

Total ultir.1atc pc.itnof 1l'rJ4M'!llt capa-.:ity 
alonqllli.:lapt;l sect~o~ ~ raiLe). t') long 
edgo 0: t1o.'c-way 1;1~ 

Tota.&. ult.ia.tte por.itive r. ... :)me~t c<r;.paclty 
along ahort edge of two-:":;y '!i,:lt.b 

Total ulti. ... t~ ",~nt ci~p".city sil-Cmg 10n':I 
edge of two-way 51ab 

UltiJu.te neq.~ivc IIOmtOnt: capacity pP.c wu t. 
wid ..... !O:t. cen!.er of 1009 edge lr. dil:'ectior. 
of eh;)rt spdn "'~ !:'-<>-Wil;t' "Ilah 

~YANrt, elt angle e (pr:lar .:oordir.'\'_ei 

Deaiune.tor tCA Arch f!:'~c'.e cf \" ,',r .. tion 
beinq conai'~red 

P~'e&aure in ch.uaber 

Peak pressure in duct. IJr tunnel aft.er II 

90· benda 

q + p (Fi;, 8-25) 

xcii 

~ .. ~ ..... 



_." .""'~ .. :-"- . ""~.---... "'""'''" ... -~ .. -,,----, 

P
II 

Pda 

• 11. 

Pro 

P:;oo 

P21 

.& 
Q 

It 

!Ii 

'\0 
S 

t'c 

T1~ 

TN 

'fiJI 'f6 

T~e 

C 

v 

..... 'l:' .. ~ .. <-~"." 

SY8()LS UD NOTATION (ConUuue4) 

C1ti .. te axi.l load 

Peak value of drag Ivad COJIIpOnent on 
Arch o~; diaa 

r •• ~ v.lu~ ot nonunifor. load coapDnent 
on .. rC'~ or do.e 

.... k a.c.. r.tl.c·...e4 pr~ •• l.lre 

P • .t ~verpre8.ure 

.. tio of aback preaaure to .abient pre~sure 

Peak pre •• ure on cylinder O~ ring .t 
&ngle e (pol.r coordin.te.) 

Integrat.d thermAl flux 

~jdiu~ r.~; duct or tunnel roughness 
fa:;c;or 

Inter:nal radius 

~.:.tance required ~r provided 

l.enqth ot areh po;-ri!!teter; paraae·.er 
(Eq. 9-182); elastic stress fa~tv. 
(£q. 8-118); perimeter of d~~t or 
tW\ll ... l aec:tion 

Co~r~~.sion JIIOf.'_ n;.tur~l period 

Flexur.l .-ode IlcltlU~.l period 

~atural perio<i 

Cotllpre.$iv. for,::~ per unit width in a ar:.:i 
Cl ditectj"ns in doae shell . 

Shear torce per unit width in ~ shell 
at ~e foundation 

Shock front veloclty 

Volume 
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Vuc 

V'.l8 
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Y 
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dy 
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~rH80LS AND NOTATION (Contlnuedl 

Shear force at crltical seetlon 

Ultimate shear c6pacity ot c<>;:.crete In a 
reinforced concrete mmnber 

UltilUte shear capacity of shea)[ rein
forcement in a r~lnfo.ced concn:.te 1lI<.:rn
ber 

Weight; weapon yield 

lnela.Lie suess factC)r (io.q 8-119) 

WeApon radiant yt~ld 

Oimensio;.", ~f lel.gth 

OUltance trOll! E':xtxemr: tiLer I,j n<.!'.ltnd ,",xis 

Arubient i!lOUliu -''-''iociti 

SOUlld velocity behind shock:. f r(,llt 

'::ffective ,.epth of reInforced cor.crete 
DlCtllber 

NaturAl logar1t.hm base 

Eccent.icity 

F.reqt-.enc:y (Hz) 

Ul~imate ,xncn:~t: .. colllpre!isive strength 

Stee: yield strength 

Oyn4lai(. concrete comprE!ssive <:: .':":::.,,)1:.11 

"yoamic .".eel yield stren'lth 

Acceleratlol. of gravlty 

Thlclmess of d,.'lIlc shell 

Imp.!lse 

Spr1n~ Constant 
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SDUIOLS AND NOTU'IOlil (Cont1nu.Q~ 

~:ff..~tiv .. lIprih9 con.tant 

Factc-c. relat.ing IlAXUaua and aitd .. UIt 
princi •• al .tr ••••• tor ;;:oncrete ana 
rock, .t·~.pective':'y 

Unit .." •• ; ~u· .... t·ar fy'O.'5f~ 

Distributt,4 \liUt. 80il .. e. 

tbd. shape par .... ter (Eq. 9-183) 

~~~ uf ~U· oenu. in duct or t.unnel; 
~*r~te~ (~&bl~ '-12.) 

Non.uti !Qna co..'~.mfl,.t of pr~ .. 'Ar. 

Tension a~l ratio .t oante~ ot .l ... nt: 
uni t re.ist .• nee in cQo09re •• ion !'lOde 

Tension .teel catio ~t edge (or end) 
of element 

Uni" resi.t.ance in flexural ItIOde 

!iv.daonul pre.aure 

Total .teel rat:~ 

Vertic.! pre~.ure 

Critical blACk; : ;~~ pres.ure 

Unifor. cOt<p..>.18nt )f pre.sltte 

r I!a:-:' dynaai,· pre.!""r •• 

ftad~us 

Diar.bncu to bou •. dary between ela.tic ~~d 
lr.el •• tic r8910l'" Cit:;. 8-122) 

·':hick" ••• ; t.iJIle 

T .... of arrival 
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tso 
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v 
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we 
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SYMBO.i.B AHD ,0000ATION (C"ntimu,·.d) 

Duration of pule~ t.hat haa .&me total im
pulae • ., 6ct\V 1 ,.. .'1.~re6iHlre ~ t It&e curve 

TiJae or Dk\Xiaurll l'#"$pOn.~ 

oU"'iltion (,Jf overprea.ure o&.· dyr •• l.ld..: 
load 

JU.e ti.Jae 

StAgnation t.ime 

Avera~e tiMe inu-::-... el)':. 

Ti. ... ir.tercepl 

Dur.tion of pul.e that ha~ same $lQpe aa 
init.ial d<ecay ~·t ~:;tual ovtlr'tJresliiure
tiae curve 

Duration of pulss that lntecsecu, the 
act", .• l o".rpresaure-t! .... c\uve at ~~, 
cf the pe.~ overpre •• ure 

Air ~rticl. velocity behind shock front 

Soil p#'.rticle v,docity 

Unifo~~ly diatributed 1o~d yer unit .reQ 

Oni .. "~'''ght of re:!'r.forced conc.et;e 

DeUection 

P.r.-.tara (Fiq. 8-20) 

Arch c"I:<;cal angle 

".ffective amplification of yH~H. (Eq. 6-1); 
.l~ aspect ra~10 (Eq. 8-56); angle 
,Fiy.. 7-4) 

Parameter, q/P 
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SY!I..IIOJ..S UID ~·A'1'l.OII (l'.onUnloMtct) 

Unit vdgU. 

kUo of ult1.aat.e --..nt C&paclty in long 
cp:m 41r8t:t •. on to th .. t 1n abort .pan dir
..c:Uon ~t c.!I.--t'.er of two-w .. y .l~ 

... r .... ter. CEq. 8-56) 

Deflection 

Strain: ar.eAn heiillt of protuberance!' 
per .mit lenctth of duct or tunn.-:.l 

Mean free pat:h of 9 ..... r .. di .. t1c:m 'Eq. 6- l} 

DuctU.l ty hewr 

Poi.aon's ret.io 

Unit .... 

Stre •• 

Par~~ter, S/U 

one-half ce/~t.r&l Angle of .. rch or dome 

N .. tural frequency in compre~liion oode 
(rad/sec) 

N~tural fr~'Jl1ency in flexural a\Od .. ~ 
(radii.ee) 

N.t~41 frequency (rad/sce) 
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TftE A~R POlICE MANUAL FOR (>£SIGN AND ANALYSIS 

or HARDEN!:D STRUCTURES 

SECTiON 1 

I NTItOOUCT I Off 

1.1 OBJECTIVES 

'rne cbjtK:'tivee of this Blanuol are tv predent llet.h04a and 

procedures for th.e eetima.tiC'n of nucleAr \feap.on eff-ects pc ... d.

:'et\t to protective atru,;tuc4il& and ee<:hni'-lues f.')y u ... sic;n .rut 

analysis of such strtJctl.l'eS e..1bjected to th!!sf' effects. 

The intent i. to prdsent in a condeJH"1!!'4 .nd c--ncise tor
m<lt lIuch ',)f the dol.ta and procedures ':ucrently <fO· ... il.bl. in un

C14~.1i\ed fora. These datJl Itnd pr~·;;.dur.e c.n be ueed to ob

ta in reau; ts c! 'lcCf:pt.bl" accux.ct in aost Clues requi .-1 "'<J 

d~,er.nin .. i.l,'ln of !ltrl,lCt .... al n!·sPQne. in the enyiron.e~· '; o!' a 

nu(~le"r d.;;.tonation. 

1. ~ 'lACK(.;ROUNO 

S_f.ce publicat.ion 01: t!\e initial version of the Ala: Forc. 

Oesi'.:m ","':nuai in DeceMt-e~: 1962. ;,.;:;-.ort.cnt .dvances have been 

'n'?',:1~ ,\n understa.1dinq 'lU'-~;~H" weAp')i\ .etfec.ts on ci',ll en~ineer" 

1l1g type strl.lctu17es. I •• ~rtj,c\.ilar., l!igniiicant .ffort h.itl: 

b,·e~ expendE>d in advancin,; <\1'. underan.~~! nq ;;;f m:!'!lear ground 

shor~ and craterinq phenomep~. In eduition, the .~~~~ ~! in

ter@at h<'tvt' i:>e~r, expanded to very high c.,'verpreasllre levelli for 

aef,'na:i.ve sy .. teas. l .. cTcased interest in the high ovC!'rp;;: ..... ure 

:"'':. try!". ha:: 1n turn qener4~ed cl concern re'i_',rdin<J th'G ef r8~t. 

of ,-;er':a.i, .. ~ypes of nuclear radiati':.n on the .~rv. ,ability of 

harden~d structures. There was also a need to provide aome 

qUldance f()t the anal)'st conc~rra.d with an evalu.\tion of the 

vulnerabil:.ty of a f.cility to nu{~lear "eapon efft:ctli. In many 

sud\ cases, th" type of conservatisn inht'rent in de"lgn proce

dures i5 b,appropriate. Accordingl~, It lola. co: •• ider~ 

1 

nec •••• ry to revll1c.:. tbe Ani ti.l v.reion of \:he Jr,dl ,ual to ret l-=t 

tl~ lat •• t te<:bnolOlJY AI;lCi txeat tho .. aX6.a -If • ".ten.t rIOt 

co~~r~ in the p~.vioua ed~tion. 

Defining .ny one of the verio\l. r,ucle.ar phlllr.;)I..'1ena wi .. 1'; any 

4~1'&~ of p:I:''' :,i.ion i:. a ,,'est «fA foroaidltble task. "f .\'" COIIl

pl~xity of the t.aak i. cOiapOtuyle4 by the aultip1icit,' of ""Qo

pa~ 4.ei<;ln,;, buret conditions, lfa&t.er.ia1, proper!:i • .» 01 t.he m!'d_A 

betw •• n the det.cnation And t~ tA'=ijet, and thr.u«t, Ie'tela which 

can be of~nter~.t in coneid.:it~ p&rtl~ul.; we~~n system pro

tect.ion'raqui~ .. ente. Simill'l'ly. 4e$ign or anal}4ii'i of struc

tural ey.t ... or s!lbeyat;eJDs lwcatod. 1n thea. env; rC{l1<\"'ilts &JOs". 

preLl ... .:: '_'f equal aagnitwi.;. Altbouqh it i., Ot:'il.OUL~l' ~l\,!....os.i

bie to apecific.lly treat every .it.\loi: l'::'ii v.hich CIS!! ';!'!'l.'<t 1n the 

~~s.Jign and aJ".l}'.i" of hardened structl.!;;... !.. .3 p,)"~J.)l~ to 

pxovide IICthod3 of predit::'tiora and ana1Y,Iis which are g'!nerally 

.pplicable to a ",jde ren",e of ait.uationa. Th18 ,roan'".:, ia 

orie'lted to.. .rd the latter approach. 

The .. ethodf' prlll.ented herein are pri1lW'.1t: .Ll~' !;:~,~ ,-~lc,,14t loon 

p .... OCedul·.S. A d~tail .. v'!. treatment c..f .:o:most rrll'ny '.,'Jt:'t1ct ot tht:: 

overall proble!ll- eithar >e:;'''ironment OJ: reaporn8, typl.cally jn

volves conp!e;,;; a':'lalytical tech:lique. which X'!-q\.',iI'e t.h'.:: utili

;.1:ion of larIJe. h1.9h apped -.."OllIput.r&. Altl>ol,.gh sue:'" compU'lers 

are widely 'vail~b1e. it 16 folllt thAt there ~,ill a1\;"YI> ~e a 

rftquireznent fa:;;' simplified. quic)( hand cal/;ul.ltion methodlio to!" 

•• tabl iahing bounds on areas where mol", H filed investlqlltion 

.. y be nf>ce •• ar!'o. :~ addition. ma •• y of t"les6 Il',ethccs are "'q'.Jal

'ly useful tel determinirl9 input. tv ;: rr.or~ detailed an",lYliis 

ut;lizins compu~er resources. 

The inform.stion prest<nted .in the val' .10US aection!> of thul 

Nonaal hi B been drawn fTC'!" a lar~ .... ;;. .. "-!r of sources. ThE fore

diction te(;Mi 1uea and \lIethoda of b!'.al. yaia have neeH ;;::..,h6tc.nt l

ated i.n varyinq deqree. by ena1ytica:' and e)iper}.~tnt. .. l inveBti

qationa. Much of the infor1D4tion rf lated to :!t!uctu.('<il design 

2 



o~ ar.alyaia i. b.-.led ~~.:;;"Q well establiahed principle. ot de.fi9" 

~. d &nAlYI:J. of conv.nt1on~l atructvre.. Whil. the proced1Ir •• 

pr";;~'.I.ed 6\". eonsid .. rlild adequate for purpoae. of .ill\plit!.ed 

preliaJ.J\ac::f d".19n at.d analyai., fin· 1 de.':'",rl or analyelE. of 

Ulp:>·,t:Jtot facilit :ea llnou':'d utilize tho .. ~p'.lt..tional t. .. ..:;.. 

rllqrtot. an.z. ir.,put datA which repeelk'!nt the be.t availat.:t.e and 

a::-st pertiN'nt approach to the probl .. under conaiderat ion. 

"-..) effort hAa been IIftdc tc include a r6r4~nable &JIOunt of 

b.:laic iniorAWltion herein in an at'::.capt to .. lte thi ... nu~l a. 

.. H-cunt&iNld lUI possible. Sin.::e it i. not fe.sible to COIIl

pletaLi cover all thu disciplines and phe~ involved, numer

au. retere;u:ea t.e,,'e beeD cit<Jd fur tbo.e de.':'~il'.l9 aora detailed 

iufcr1BoiItion on .. P4U",,=-l .. -UUC llabject OJ: requirln9 • aore detailed 

... ~l)'.ia of .... asp-tet of .. prtitll_ than i. poasib:; Ioiit:h the 

.. thad. preaer.ted her~in. 

.t.) PI"l::SEN'TATIOiI 

1. 3.1 2!..i!'L!..U!!2!! 

Sect .. on n: includea a d':'ltCus.~_on of the factor& 

aff_w:tinq nuclear ..,.,;,'p",n effects in qaneral. It also .=4ri:&e. 

th" ~dvil.ntages andj,i ,UI,illAr.tAqes -,f above9round, .hallow buried 

.. nJ deep uhderg1.c\.:.!'d st.ructure •• .and the nuclea:~we"pon .. r~~ .. i... 
of pr llllAry illlpc~t<i.r,ce to each clasa of fac. '.ity. Criteria and 

fro-:~d'..!r.:al difference. bt:tvtlen thl: design and _"alysis processe. 

Are al.o reviewed. 

Sectlon III tre~t8 t~ ~u~ject of airblast 

phenome"la. Avprnp'!'iate curv4!a ulll .itquationa artti provid~.d fOl 

thtC' prediction 01 free-field o"",ri"res~ures and dynamic p:-eSSJre. 

for cNruanations of burst ar" qroun.j surface condi.tion.. Sec

tion IV sumJIlArizes the ~)4t current techniques tor predicti,n 

of nuclear cratl,lr di~nc<ion •• eieet. &J~d mi.:silea. Both ham·'

qenl:uus and i.arered me-jia are tre4ted. 

A compilation of nuclear ~.~und shock predIction 

techni'1'-1ea iii prel.'en;;ed in !:ectl.on V. Thx:ee: -lence.l clA~ses of 

9round shock, .irbl.at-ineuced, d~r4t<'t-incu-=<!td and (~at:eI -in

duced, are co .. ~ider.ed. Uoth :lOlJ>Q9lfitnOOUa and l(\yered medlA arE' 

Lo •• ted. Field exploration pr0gra~8 A:~ laboratory .l.nVelltl93-

tiona related to t~e site aelectit.)o ~c GVolud:;cr: prucess, ae'<! 

revt-.'Wed and typical t:rop.;:rU,e:a. v! /&'"i1 .::~d ~n .... medld C!'.e .In

clud~. 

Sectior, VI prcvid::tl! C'.U· ... !$. and equ4t;QOJ> for t;,c 

preciictlon of qAlllm.'l, neutn';'Il, X rdY, Mid then', ... J. rdHjl31tOil lll

ten.~itie.. SOIlli! ger.eral guidan,:'E! .is pl· ... w;ded req&rJi:l'd ?,er-

mi •• ible rad~at.ioil level. tor pura"nntoJ .u:d eO .. \lPm,fH!t Alv.i r4dl

aeicn s:-:l",ldl.;,<; requirenwrtnts. 8ecaull'~ of itl> c·14.2lille<~ n£'.urO!, 

only up~r limi-' "stimatea of tile D!P are ill('l~ded. H ...... wl"v\:r, 

clas.ifiad sour.: •• of r re ~et.lled informa:t:l,,:1 II£(' pr:Jv';'di:;1. 

EMf' .hi'!ld1r:q tl!chn.tql.l A. arE: disCUSI5I>(] clnd .\A;J~tH!ltLlnB n:...:,je 

tor reducing th-a vulnerabJ.lity ot equipt!'.ent to tbif phencl(I,o!Inoli . 

Section VII presents m.ethodll of uei:.::~ the intor

IlI4tiO.1 provid~ in Sect.;ons III, T'J, V and VI ': .. : c',)tair. loadf:\ 

on -IlbovegrounJ., 1l~110'" .:.~r led and deep un-~ecqec",,>j structu;r~:l. 

A1a:o included artl sL-lgest.hl app!'oa~t;e,. for peed ;·.~t':")n ot atr"c

ture mot.ions. St!ction VIIt provldea i;,a~i.c infc!l'lct.ion fcc de

ter:nin~ng the atr£ngth of atr·.!.,;turello CX· st.ruct'lr..~. elEments. 

t.\iu.tirna or curves are glVt!'l for asse;sslnq the "'=fcngLi'> cf trw 

principal typ<itll of tttructcral elements. r<)th r.cjr,fuI':..·."".:! con

.;rete and Sl:ructur . ~ liteel .u·e tr~ated. 

Sectlon IX pr",,'p.-;'.s sev"ral meth:;"'5 for tl·., ", . .; ... :t~ 

.1S of struct.ues subJected to ':yn3"".~ lQlld~~,; ..)r base mot·~cns. 

~odeling 0': .. txuctur~s is introch':cd ~r.d filct,.~ ~rc pr0v.l.dpd 

fol.- traneformirq dU!trl.uuted lIIaSS systt'r:;s ntu 'c' ,c.l'o'Jlt;;I·.t ,,,n-

9 1e 'ieqeee c f freedom systems. lxt:-re"::.lon,, 3.~ c i! ["-;0 ,,_ ven f'.Jr 

calculation of period .. of vibratlon ot '·arlO .. S ~ t-'e,~ i,)t <;Uuc

t.ural .ale.uellts. 

Sect~on X presents 'jlac1 AII,'e fIJI ;"r'~i ;..mll'''''JI '.le

sign uf ShOCK lsoll1t.ior 5}'stcms. .:>GI!\.Q datll ar.c <L,Sv In(.lud~''(1 
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on the sh,xk tolerance of peeson:,.l and ",qu1?8Mtnt. Aclvanta/lea 

and dls"'::'''ant4lqea of t,t..,t .:>re cotMIOn iaaiator .. &n4 ieolator ar

r.>ls.Jementa are revi .. ...-ed trl'$fly, and equations 6nd cunots fol' 

pteli.lll:.aary u!.in<,f ot the ",ore e~n iaclator •• ue prov:...Jed. 

Sec-tior: XI sunwu.,ci:ea ttl. gent-ral cona1d.,'ations in de.i9n or 

anaIys!. Ind pt'ovl.dea 'leller .. l criteria 'l'l1dance for the t~ 

pTQl;.~.lIlie.. /It, r~v~eW ct th, s';.epa 1n the ,1 •• i911 or Analy.i~ 

proce •• ",ith rfl'f~,·.nceii t;O CJtber parta of the _nue1 for eppro

P~4.t. date an~ equation. ia included. 

Il1uatru i\;E eX"'{ll.s have been include4 .t the 

.,~ of .. ·.rio .. $ sections to dennalrate use of the .. terial ~ro

v~Jed 1n that -.etion. 

1. 3.1 Un~.t! 

There ere pre6~ntly three major ayat ... of me.· 

s~rlnq unlts :on use in the Io'Crl,1 today. Thea. are tM £n911a1., 

t~e tNtrie • .a!,\':; ttl. SysteJ!le tnteznAtic-nal ue Unitea. or 51. 

Th~ 51 la a modernized ~ersicn of the .. ~ric ayat.-. 

'l"~ PZ:"P;..iU)" ayat .. of un:.ts uaod in this manual 

15 t~e &ogli 'h system. The £1 has bee~ incl~ded •• a .~ary 
system to the r~Xl~ ~xtent f •• aicle. ~4lny of the equ.~i~nB 

!l,,"rci:. are h.~enAOu •• .:. ,e .• an~' conault.ent .yatea of un;'_a 

'..1' b-c'l used. In t.1le c.:s@ of nonhomoqeneoua equ.tionli. t"';) "er

s.l.o,u "'n. lYi-ie.llv glven, t.he f ieat in thi'l "'.nqlis;h :lye ...... 00 

the s~cond 1:"1 the 51. When an1ts are specified for~:~~ ".ria

I.: t. ~ .. ,-'" e\.iUdtlcn, th~se are the ,')r.ly ;; :1itli compatibl~ v',th 

the eq~atlon con~tant:s. 

F_~ently U~~ conversj~n f~ctor. between the 

English .. ~·'tel1l and the sr i!.ce aUftF'Aru·9d 1n Tule 1-1. 

5 

Table 1·1 

CONVERSWN FA "l"ORS 

En9Uah 51 II .>1 

1 in 2.540 Cl1I 1 c." 

1 tt 0.3048 m 1 III 

1 yd 0.9144 III 11 m 
lJai ~.609 !un 1 !OJ'; 

1 in2 6. 4~2 ;;r;/' l Cl1l
2 

_ ft 2 .'19.0 c:r,2 1 11'. 
2 

~ in) 16.-:'1 em l J r ('j~ 
1 Ct 1 2'.317 ernl 1 JI 

1 yd l 0.7646 m~ 1 ill] 

1 Ib (!lUlu) 0.4536 kg . 1 k.:; 

1 Ib (force) o4.44t N I ! N 

1 dyne \fl"C'':) 10- 5 N 11 N 
1 Ib/io 1.151 N1CIl\ .: N/cm 

1 ibn n 2 O.U95 N/cm2 I' .",,2 
1 1!)/ft2 0.00479 N/~:1II2 1 N, cm2 

f 1 1b/tt) 0.000157 Nte!'ll) 1 N'cm 3 

10 J9~ 
I ~ ,21i l 

11.O'~ 
!O,6.lj 

1°
01

' , le-.7' 

0.06; 

J ~ .3; 

1. JC I 

2. 2(' ~ 

o ~;., 

I tv:> ( , 
0.5; . 

1. 451 

208.1 

Idf9 

;~,:-: '::---l 
---1 ;'1 

~ t , 

yd 

.. Sr.!, 

;',n 2 

tt 2 

(} 1'.) 

L .. ~ ~MUS;j) I 
[::', Itcx-Cte) I 

'!'';TC€' l I 
. .J .I n 
" 'j,.2 " I .h'<t 2 

I.) ~ l) I 

1
1 Ib-1n 11.:!S9 N-C1Il I L N-cm 1:,O:'<'e: 10 In I 
PF O.5!5f-C 'b~' 11 8)j~F . 

I
' -F (te:llpl O.555( '01-"-32) ec l'0,r (temp)l,() f'~· .. 32)". I 

1 er,,; 10- 1 j 11 ' : c 7 to! r; So I 
\ cal 4.184 ,l 10,i39 ,~. 

I 12 ' i , 1 
I · KT 4.1U x 10 ~ ~_~~_~~ __ ~ 

(S • newton. 9.80665 kg "~sec2) 

« .. 



SIl"'OII II 

G&;Ua..,L f"'Ot.: ... iDDAt'Ia.a 

2.1 UInODOCTIOil 

Os:!;., aDli/or aDalraia of "~'-lrea tNbjecteci to the cf

facta of nuclear ~ ia 1nfIueDCeG ~ a ~1titud. of int.t

nlated f~t'. aa4 COD.ideraUona. MiIoIl9 the_ ar. 

8 'I'JpL. of auclear wa&p01l effect. 

• ~ of burR 

• t'ypea of protective faci~iti •• 

rype. of 1W<:1(fU' -..poll effect. CaD ~ry with the d •• l~n of 

tbe -..poD. the bei'lbt (or depth) of tur.t •• uS the 1MCliu. 1ft 

wbicta it i. d.toa.ated. -rypu. of protective facilit.: •• will vary 

with the intended functioo of ~ f.ci~itr, &ad d1f!ereut type. 

of facil1ti •• _y respoocS iD different f •• hiona to the .-..e .f-
f~t. 

Tb4 .... v-oerMI coa.ider.tion. inherent iD the d •• ign And 

aDAlyai. of conventioaal facilitle. are aleo pr •• ent ~ ?rot.~

t.!.,. const.J:-uc:tlcm. ODe ai9nificant: diff.rcauce between ce.19n 

aDd &DAlyai. of CODveational fac:111~i •• aDd prot.ectiv. t.cili

ti •• , bowfIo'\~, 1. tba &kanc.t of • co4. iD. protect i... con$tx",'c

t~n. !'boAr factor, pl". the lack CJf a 9reat d .. l of r .. li .. ~ic 

~~i=-nt.l data, places laucb .:ar. -.p,~.ia Oft .n9in .... r:;.l"19 

j~nt iD th.a CaM of protective .UIK't\lr ••• 

l.l !'D!W CI D'Fa-rs 

A nucl.ar exr-e,ion r •• u~t. iD the •• ry ra~ld 1'.1 •••• of 

a tr-.nc!ou. UIOI.&I'1t .Mrqy ..,itbin a ve~.., li.1ted .pac.. Thi. 

.>\."ISdan :.1 ..... of CL.CZ9Y cau .... very larlJ. incx.... 1n the 

pr.fO~oar. an4 t ........ r.tu.re Allod r:oDverta the (:',otNt-in ... tar 1.1a 

to c)~ly bot q..... The .. 9 .... expand rapidly and initi.t. 

a 8N,.c~ wave 1n the .urrounchnq llediua. 

7 

TM de~t.ructiv. powe,' of nuclear V€&i-X>na. 1111.. conventional 

.~, 1. vea.rally d\4. t.o tll.at. a!ld st>u.;;iI.. Be:,.oud U11a a.u.-

11uit.y. however. t~e en •• v..,Z'.l ha,:, c dltfuer: .. ",. A nu

el.,Ar .xplosion ~.an bot •• ve,.l t-ho'J~er.<:! t;.; ...... ' ~j.. \,;'_r[lJ,J. t:hafi 

Uwt lAr9.at co~.,.ntlcual d.tor ... tlon. In ;o.:l,i\t lon, n-.ICle.u .x-

plo.i..:ns r.l .... Laxc". &8O\.Onr .• ot .;l.~~} J.O i.h .. Co of init il\l 

Ducl-..r radi.tion. t~~l rail-itt) Of. AnC;',UJ1.d Hll' nuclear utod L

aU,on. Initi.l ;nucl •• r r.diat 10n conll,ute of h.ighly PE!riIirUa\:: 

aDd haratul ievi.lb'." r.ys ¥hidl are :e'e9.ed e.lhtnti&~ ly ai1..u1-' 

tanaou.1J ",1th the detonation.. Theca&l r&alatl.On 1a emitt.ed in 

the fora cf he.t .,d light. aelidu&l nuclear radiallon. or r .. -

.1dual rad1o.1lctiv1ty. re.ults fr,. the 1 .. :1io&ctlve aub&tance • 

r .... 101n9 -.tter .. nvcl •• r d6tvnatiol1 Ullt.tlnq red iati?na OVe:r 

an exten4ecl period ot tiIM. 

t'he ener9Y 1n a con,'.nt.ie.n.l uxploeHln i. yroduced by ch.e:.

ieal r.actions. The en~rqy prOQ~c*i by a nuclear .xplosion 1'2-

ault. fr~ the foraatl.on ot different atc~lC nuclei. :vo typ~e 
of nuclear int.n&ct.ion. which :>rod ,lCO 1","qe amounts of ener~ly i~, 

.. .hor~ perio(, of tiJ:w are iu",.;.wn •• fill5~on :'100 fua:on. 1:-. :;,. •• "" 

fi •• ion proce •• , • f,;_ (or \l"'et.~_ ... i"l!I(lj nC'utron enters th .. nu

.:1.'::0 ~L • fl.sionable at08l. cau.inq th,' nucleu8 t.:> ~plit l.nto 

.... 11.r par ~.. The r •• alting IllUller (0': 1.l9hter) nuel .. , are 

c.l! d the U •• loon p.:04'..ac:~s. The comple\>~ fuaion or one pvund 

(0.45 -9) of uraniUll! or pll1tor,iWII releaaeill 4l1l. .uch enurgy •• tnt 

eJtplosiOll of 8000 t'.l1l8 (7 x In 6 kg) ot TS'T (8 x 1()12 CAl; 3.4 x 

l,oll j). 

In tha fu.ion procell, • pair of ).l"ht \lu(;! .. i unite (ox 

fu.a) t.OQathar to fora the nu:l~u. ot A heavier atoa; Co.q., two 

"'auteriwa (heavy hydxOC)en) nue lei lila)' COIlUHIW to forlll tne n\.lC18u:;r 

of the h ... vi~r .l .... nt. h.,11u.,. Nucl.&r fusion reactions can 

only'" initi.ted by ... ana <)t very hiqh t6ntp.,,r4tur •• and. arE' thlJ~;' 

referred to •• thexllf'lc.ucle6r proc...... The fu.ion of all Ule 

nuclei in on. pound (G.4S kg) ot d.'ltfiI'lUf1l wc;·uld rele",.e app.cou"' 

aat.ly the .a_ .-.o,~nt of energy •• the ~I(pl(;.lvn of ~6. JOO ton" 

(2.2 x Ie' K9) ot TNT (2.6 x 1013 cal: 1.1 x 10 14 j). 
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"'~t;~t.U" .. on th. ONU of •• "eral aJ.llion 4. ,C"ee. a" • 

• ·,-.. ... l!Isacy ~o p~odue. nucl ... c tuaion l'.acU.0n8. Iud'> tellipen.-
tuea can be .;)1,tail"4ld by .... ne of • fia~iOll explol1oD. Aco.)cti-

1r:l.:;. u't c.-bul1n9 • Qua.lt.it.y ~. 1&"09- i.otopes (cSeuterlUil 

or tritiua) with a fi •• i-onule .... t.eri.l •• then.onuclear .)'p10-

.ion .. , t>e realized. In CJen~r.l. the ~r-eE'CJY relea.ed by ii. 

thetnaonucle.r .... pon 1. c;enerate<l in roughly .q .... 1 a.ounU by 

tJM fililiion .oC; fueion p~~ ... . 

~ .. p::Ner"lf • nuclt •• r .... fOn i • .,.~r.lly elq)r ••• ~ in 

~et1M o! the (IOner9Y rel .... (or yi.ld) .-t:.en H~ oapl;J4 .. co .... 

pued with the energy rei .. ..., by tha eJtploa10n ~f ftfT. 'tn\ltl, 

• l· .. kilotOlt (ItT) n~c.:le.r weapoll h one wtaicb produce., t:be " ... 

a.ol.mt of .nargy •• 10~O tons (I. I a 10!'ltCJ) of 'l'N'I', .nd ~ l-ll':e9a

ton lft~! nucl~ d.ton~tlOD 1. ~be equiv.lent. of 1.000.000 tons 

et.:3 x iO'kCJ. of ~ <.pproxi ... t.el)' 1015 calorie. or 4.2 II: 1015 

joule.) • Tbe d"'.uibut.ioll of en.T~JY •• "4 the d.6Iagi.D9 effe:!ta 

re."lli1\9 fnla • nuc1-..r eapl08ion depe.na upon _LV f.ctor;ll. 

'l'Vo of. the .,.t iJap<)rtant of the .. facto"a ~"':A (1) :OM ceDrosi

ti.:;n of t.M nucleAr device. 1.e., ii •• iun oe v.;.rlou. ,,"QIlbilationa 

o! f i.sion-·fus ion. _ad (2) the pcl~'llic.l propert1e~ of u'e ."'.1.WI 
in which the exploeion ~ .. pl.eff, 1.e., W\derv.t.l.. under" 

9n,und, the .t:.aQ8pi'lere. etc. A tnic.l dt..trlbut~Oft o~ enelen' 

.t a.1i.~Ance froll. a U •• ion de".Lce detonated in the .tao..::o!\,!re 

i. shown in FiCJ. 2-1 Th. t".a of effect. "e.~ltin1 fro~ 

th1~ •• foraa of ener9Y whicb .re pert.1')en': to dle d •• lgn and 

~h,lly.i. of protective atructure. wIll 1M> beiefly introduced 

in i~11owin9 par&~taph •• 

2<l.1 ~_Itl!.!! .. 
A shock ·.I.ve 1n air. or airbl •• t. r"~.a.ti.nq frosa 

#J' expl,)aion r •• fI!.x.b .... and ia acc~.anj ed by a very atong winoS. 

The .ix-bl •• t fr.- .. nuc1eu datonat:.on 1. 81.Ja1lar teo that fr,,;_ 

• conventional deton.tion. except ~\8 daaaCJlng effects ext~nd 

for auch ~r .. ter distancee .nd .re I)re.ent. for laUcb longer per

iods of ti_. 

9 
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ri~e 3-1 Di.strlbution ot Kfterq)' .t. • Di.u.n;;;'l' tn.,. .. 'J'yp1cal 
~r Burst. of • rls.l..on w.apon in '1".; ',t • ..n A..t.it.ude 
Below 100,000 r .. t !RGf. 2-1) 

M"bl •• t p.be~~a will be ue.ted in two brO&d 

categoriee herein: (1) the mlupr .. sure. or .uoden rill« in at

IIOSp'-..,..lc pre •• ure due to the de~.ou.tion, .nd CZ) r.he CSynuUc 

pre •• ure. or bigh v.locl~y wiD1 re~~lt1l\9 frau the rapidly ~

ing 4irbl •• t &bock front. Airbla.t .. 'ftectal ~re of l~rt&Dce 

in proter.tiv. con.truction t:henever tk .tructure of Int..e.r .. t. 

i. located In, or .xpo.ed ~:). the ataoapt.ere. In .ddition. t.be 

.irbl •• t f'roa a nuclear cSet.u.:u;;t10Q c.n ca\l •••• ."ere 91:'Ow:.d .bock. 

2.2.2 Cratering ai.d Ejecta. 

An explo.ioa which OC(';UX'. 1n ccpt .. ~ ... with. or 

near, the ilurf:·.,,::. of the urt.b will c.lI .. e • Crat.er to :- for1Md. 

'l'he .ateri.l thl:own out of the crat..r 'i.. b,u.in terwAd ej..cta. 

Eject ... y include both di.creto at.aile. cf I:igniticant .i •• 

and ... ller particle. which .re d.I~.ited froo the ~~e of the 

crater out to ~ppreeiable distances. 

10 
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A ...... 1Ie atructur. 1dU.CA WO\Ild aurvive ,",'1thin 01 
u...dLately adjao.nt to &:he c~.,Wr f:n.o a IlllCI...u detonation ia 
DOt practicaL c.rat:ez'11l9 .ff.~ an 1IIpo .. ~t. bowe..,.,. when 
oonal4edJ119 UM 4i99iDv out of a bulrlM .tructur. and beCAUS. 
the crata ia ttwo eouoe of .,.M:t,a aDd. of ~rulD type .. of 
vr0UD4 1Ibock. ajecta C&A ~~.,. pJ:Ot.ecti". atr.uct~e. by i.~
pact trw.. :"artze ~j..cret. ai •• i: ... or by o.pwaition of large 
qt:ut.it. .. of _liar parUcl.1I OD .. a..r t.be at.""UCture. 

2,2.3 Q;uQDd &bock 

DetoDat.\.oD of a Ducl~ -.-pan 1ll contact with, 
« .... .&. t.be aurtace t't the .arth creat.ea • ~.r, .. ver. shock 
.. ". ut att.ndaDt .oUou an4 .tr ..... In tho earth. 'l'hece 
.UOcdt W&\"8a C&ft be t)ae .... ult. of t.be ~1cal coupl j·;)9 c.t 
...."" fro.. the orabltr ~lOft or froa t.be v.ry .!Ugh pre.sur •• 
,,~ .......... t ia " DI.IC1 .. r a1rbla.t. ¥-ave propagating over the c::ar~h·. 
aurface. In .,at> ca ... of prActical inter.at. th-- qround 8"ock 
reioult1a9 frca a nucl.e&r .. .xpl.;)eLon w111 be a COIfIDination of the 
.ffeeu. of the &,..r91 coupled to, the &U'tb bot.b trota the ngl,-'Q 
of the cratar snd fX1* the airb.l.aat. 

Grom'" abock etructs are vel'y i.JIpol'tAnt in the 
4e&igD and analr-i. of prot...~ti" •• tructur... Buried structure. 
.. y tail 4u. to inability to w1t~stan4 the pr •• ~ur.s or .otion. 
&.~1ate4 '_iUs ground .Illock, arid .urfaco. at..ruct,\&re. NY fail 
chw to lnab1:.ity to wi thatanc! the force. r •• ultinq tron founda
Cion JIIOtion& •• lailar to .. ,rthquak. ef{",>cu. ~'e1l tnouqh a 
• .xucture way have .ufficierit stzengUl to survive .ev~re ;,roWid 
.hcx:lt, t.be r •• ultinq J.n-.tr.actc~'e shcv"t .. y be •• v::r. er,,';ugh to 
L.uY9& the structure conunt.; ... l ••• appropriate .. asure. arc.' 
taken to prot#Ct the ~ntentB. 

2.2 •• Initial .uclee~ Radiat10D 

The tera initial nucl .. r ra~iatioft a. ~8ed in 
thl. -.Dual ~nclud •• ~~ ray •• neutron. and X ray. which are 

11 
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rel.a •• ' •••• ntil'llly lnatAntJ.Uleoualy by • nuclear <ietONltion. 
Initial nucl.Ar radiation 1. rar.!y tb4 govcrnlnq .ftect 1n con
.i4&r1n9 po •• ible c.tUlAg8 t·~ protective .c.:-u·~tur.s (as "PI)Q..a. 
8.,., to alrbla.t or g":ound .t..-:wJr:), althcl\:.qh ther" arc.' cclr~6.in 
oond ltiona under which eUl,lct;llx61 ~q( CUI rellul t dua t:.o 
D&UtJ~on and X r.ay .ffects. 

Even thouqr. ~n1tial nucl~~r radiation etfect. 
My not bo the prJ .. ry .tructural d .... ge Ibechani.ISIII, f;hey c.n 
cau •• v.ry •• rioue c1aaagt.l to strl.lcturf' cont.ent,s such a. per
sonnel, electronic gear, etc. tor theae reAsons, initial ra
d.iatiOl' effect. will requi.rl! in;.rQ.Uqati{ld in .. lmoli~. every 
protective construction applic.aUon. 

2.2.5 al.ctromain~tic Pul.~ 

A nuclear exploJlion ca.1 C4\A'Ui! the crea~ion of 
.lectric and .... qn.tic fielda of vEJry hlgh .i~ltenllity which 1'II.Ii)l' 
vxtend ov.r long dietancg. 't~h pl}~nOMenon, called the eJ..ec
trOGaqnetic pul •• (EMP!. does not havt! &ny effect on protective 
structur •• , per se, but can croilte havoc ·,.,ith eler.:trical And 
electronic circd ts an.d equipnwmL Such c.1.lIturw:'lct" lUy range 
fr'lll t.-:K)rary disruption of t.he functioning of the equipIR":,c 
throUSh d&.awlge •• vere enouqt; tel require rei'lac_n >: vt the af
fected ca.ponent.. The de8ignt.r of protective fdcl.ll.ti •• muat 
be a"'Ar. ')f the.e effect.. and t.Alte appropr ltlt~ st.eps for UloO}:"r 
mtigation. 

2.2.6 Th~l1Dal Radlll,tio;) 

A fear grttat.e:r pc>rtion oJI the <energy frolll .. nU
cleat· explo.ion i. ~",H:t."d MI t.herJn&l ra,:Fatior. than is the c •• e 
tor A conventional exploaion 1~e to th~ v~~tly highe~ t~~ra
·.ur •• re.ulting fro.a a nuclear ,1 .. <:.. .... nat.ion. Tl".enaal rAd~.ti..:-n, 
it of .ufficient inten.!. ty f can cau.e ablat .:>n of. ~:..ructural 
..urials auch ••• toftl .lind cOI'~cret .. and thereby reduce t.h:e 
capability of such materi&.la to accomplish ·i'!e:..c intend&<! 
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fllD(.t;ion. 11\;-.;\. .... thenaal .. a414tIOil CflC aleo .tart; fir •• , ctUlr

coa:Ibutible .. tad,ala &ad coauso ekiD bur-u ill U. ._ lIe1U\er aa 

thenwll radi..tJ.Oft of equal int .... lty f~ oonventional eap!.o~' 

.lema. 'l'be~l r-a41ati.)n e:lec:ta ar-e :u.portant; in protecti ...... 

construction 1Ihanaver the~l r-adlation 1. liuly to oaWle a 

::-eduction in bUuctur.l .trength. 

2.2.7 ~idual N'xlear- Rad';'&t:~olt 

Re!!id ..... l nuclear' r .. ..!i&t.ion 1. d .. aI..oat entirely 

to t.ba r~d1.oa(·th .. ity of ttle fis.ion FrudQCt.8 pnii.ent in the wea

pon residues ~fter ·Ae axplosioa aad if! .. ltted over a conaider

able pe .. t~ t.f t'.i... The "reater the:! proportiOil of U •• ionable 

material present in the "'PG~. the 9ruater vill be the UIOW\t 

of re.",dl.l&l nucl .. r rac:tation. Ileaidulll nU(:l .... effecta are iftl

portant in protective conat-ruction onl:' fr-a. t!le at&nQpoint of 

protection of the .tructure Q."ftt;&nt., priIMr1ly iarSOfulGl. 

2. 3 TYPES OF BUltST 

The nuclear ... pen effect. of p UWlC'/ int.r-eat in pr-otective 

ccnstruction are atron~ly depau4ent ~}n the location of the vea

pon vi t. .. r.spe.:t to the surface of tM .ar-th at the ti .. of de

to~tion. '"' .. types of I"'rat of int.'T',~.t: in this &!lnual can be 

broadly CAt,~ori&ed as 

e Air.: bur.t 

e SlU'faca bl.lrat 

• Underqround burst 

The .. types of buret will ~ defined and the type. of effecta 

• 1IlIOCiated vith each .sse.sed qualitat .• vely in following para

graphs. Under-vater bur.ta , &lthot.l(jb ~lite iaportant in aany 

~ppl!r~~lon •• vill not be cov.red. 

2.3.1 Air Burtt 

An air bu.·at wiU be df'f'h'\&d aa one in which tha 

u 

.~~ ~'''_~' ....... ~ "'" .~ ......... h , .... ,.......~ ....... ~ ..... ,~'\oio" ... ,.""'~,..,,~.-..,.~ ... 

• ~,~ . ..mr. ;a~C'1Ir'''.c!t'' ~1.S~I!'Ji!(Jt,,>~,.~;t"f~,' ~"'rrN'>!MJ:;f.~·}.,,"!;'~.~.:" .,.?<,,;;;,,~, ..... >f.;"." .~,,; .. ~, 

fir-eball doe. not ~ in contAct vitA the ~roUD4. ~QCn. 

bl.lr8t vill produ-=e De9U.9~le, it any. crater!.D9 effect •. 

Airbla.t. tAiL.l nuc18u cacU.t1on, Z~. the,.l and l"ad4ual 

nuclear radiation ef . .cta vill be pre •• nt to 9Ke.v,= or 1 .... 0::

extent dapeading largely upon the altit~e of ~ buret. Gro~.a 

ahGck .ffftCt. vill be due .01el7 t(; tbtr .nerw couf 1114 to the 

.fU'th by the ~.lrblaat vav •• 

High altitude Our-1St., •. i., above 100.000 faat 
nO,.IC a}, .,.. .. nonaally of lit~le int.r.at in protoltrtive con·

.truction. J.t !'Iuch altitlJdea. the a11 density i. 50 low th:at 

aore of tho explo.ion ener9Y appear. a. the:-aal' .l"Gdl.l:ltion &DC, 

le •• 1'08 bla.t and .hock. Niqb altit~. bur.u. then .• Lee ol·· 

.oat toUlly ineffective ip caua11l9 .tructl.lral cl&i<lOl\98 tC' t.e.l'd

ened atructw:e. located on or lnneath the e.u-t.h· •• \lIface. 

BMP cff • .;u can .U.ll be hlz;>t)rt&nt, howev.r. 

2.l.2 Surfac. Bur.t 

A 8UC'face Ntrllt 1. ODe .in wf,lcb t.'le t1.r.Al'. 

COMa i\'\ contact vith ttwt earth. A tJ:ue I>l.lrfacc burat will 

be d.fir.a4 •• a bo.lra~ vhere the ceAt:>!'!r ot gravity o;)f the v .. ·· 

po" i.. coplanar vith tb6 .arth '& .I.lrtace at the t~"l! u/. de

t:)natio.~. A cont:a.:t burat i. one in \o,t.icb th4! tip or .dq. 

of the device juat touche. the surface,. A true aurt~coiil bur.t 

can tNt .xptlc:ted to ~ .are .Uicierot t.h&n a conta~t~ burst in 
the generation of c.t'ater and direct-iTiduce;i ground .!-.ock e!

:ecta. 

Allot the nuclear weapon effecta ()f concern 

in protective ~~n5truction .ill be preaent in tr. ~.ae of • 

4Iurfac. burat. After d.t~rainin9 that. propoeea faCllit:r ia 

not in or toe near the crate47. the effecta of over11din9 ia

porwnce in .:>at caa •• of practic.l iflux •• " will 9~n.er .. lly be 

airblaat And qrol,lRd .. hook. Ila~atl.on eifecta vill al>::4ya ~~ 

of conoern to a •• 'uJ:e thl.lt a jJl:'(itectl.Vft ay.t~ i= ~ually h";; .... -

ened a(j.inat all etftecbl consi.tent with ;a given threat spect.rUf;. 
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CrateJ. ejecu effect. 'aU la a cat"'90ry aianar to radia·~ion. 

'rbat ia. the.e _ffeets aro ai. •• ye ilIpc;.'rt.r:~ but rarely ccmtrol 

the Ruvivul1ity of a etruc\·.ur .. , ~"tcept pc,.elbly syatems 

vh1~b are intended to 8utYive v~ry n$~ the cratac. ine Q&O~t 

and ~t of reald~l radi.tion, or f.llout, wIll be consider

ably 9)r"@&~ t~ a surface bu.·at than tlo.'QIl an air b.:rst due t;o 

'.Ae l~'ge qwLiltitiea of duat anJ .... rth 1,.~t,1 .. :1ea generat-e..! and 

~ lrrieFt into the litr.oaphe.-re. A large portion of this "Iddnd JU

terial ~~ r.dioactl~ and CAD spr .. d over very lar9c areas 

and r.~in actLYQ to~ l~ peri~da of time. 

~.l.l Undeground B1J.I"~! 

An under9rouru! burat is 0nfIt in whicb t.he cunter 

of ;r",.ity of the .;aapon is lo<~ated ben.ath the aurface o~' the 

.arth at t:~ ti. .. of detonation. ~ 11Jaitlng c •••• for an un

~er9r·,und burat .. re the near-aueface, or aliqntly buried, ~lnd the 

fully contained burat. A fully contained bgrat i~ defin~d as 

ODe ir. which th~ fjreb&ll doe. not ven!::. to the audace. 

With increasioq depth of b\lX"i.l. *»re And nore 

of ~ • .,e.pon. enerqy la uU.l1teQ in c .... t...,rlng a",j 9ro'.!r.d shock 

vit:.h a correapC:)(7:<1ing decre ••• in airbiaat a;,4 r • .Jlatlon effecta. 

Radiation eff.:::tlit ... UI be pr.sent, but the ranqe to vhic-ll they 

viII exteM will decr __ :; .... ;;._;.~t in proportion to the UlOunt 

of earth throuqh wh1~'il Uley IIOU6t trav.i to na&cb th. ~'.::!;~:: .. 

or _ buried t4rq_t of interest. 

l.l.4 ~~ 

The burtllt typea d.acrlbed abo •• ar. apeciaUaed 

ca ..... a~4 obviously do not cover aU attu.tlona that May be 

_i.~m·"'.r~ in prl\'::t1ce. In an .J.ctual f'robl_ of intereat., 

t,he Wf1.apon ... ~ ~ ~,ot.unated anywhere frca high altitude, \/here 

the or,ly effecta ot inter •• t in ?:.-::;t.ctiv~ cc:n'truc-tio.., wfluld 

prob;;:biy be aO!'M of the radhtion and PJIIP phena.ena, to fully 

contai~ec1. vber,,) the 01.17 noticeable effect would likely he 

IS 

the directly j.nduced ground .i~:k. Bot.h of thea. extr,;. .. , .. :i lif·' 

~iqhly unlikely. Th. 9=~6t prel~u48r.nce of practical G~& •• 

~il]. fall wit-hin t.he apectrwa rnnqing ho. air bu .. ats to alight-

ly buriua eur.ts. The :'.&portaot: point. in ,;(mfilderir,g type. 

of burst are (1) ~o re(:~'~~li:e th .. effect ot d lfferent hUXlIIiii 

on tbe nuclear phe'104l1l!lna and (ll to ~ .'Jle to f<1sti'il.Ate these 

effects on at leaat •• emiquanL.tat1v~ b~ulls for ;.~ particular 

preble. of intereat. 

~.. TYpg~ or FACILITIES 

Protl:l'Ctive atructure. can b. qrouped into thrclli! broad 

catagorles. The •• are 

• Aboveqra...nd 

• Shallow buried 

• ~ep underqrouni 

Each of t.he.e facil ity type&. hall advanta,qe5 3!1J diaadv42:1t"gea. 

is ItOre susceptible to certain .!ffecta thaT"' "thera, a.r,d hAS 

l:lherent difference. in .surviv.l pot6lntial. 

2.4.1 Aboy~ltpund Stn.s~~! 

Aboveground &t.(uC't:uroft ... a class are si.lIlpler to 

construct aM prc:;nt fc .... r !-lvi.·lvrot, in u"Y-CV-UGl Gt'c.~tjon 

and 1DA1ntenance than the bllr 1«"1 type.. Consequ,"r>.tly, cheJ' c .. n 

bf! the moat economical type in the 1·:;>:.'1 ru... pr·ov ldtd th.e '':.hre~ c: 

to be survived 7 a not too sevel·c·. 

deinq locatf:ld above :he earth't; sur!;.\cc. 4bov~'9,.o,uld 

,tructurea are d:o.rectly e:tposed to the full frt:.· '!ic;,~d intensi.t.y 

of the nuclear weapan effect.. They exp.,.t"lellce thE, full '~nge 

of eirt!aat phenOl:aen., ovarpr£B2lUCe And dyna;nlc preas.ure. 'l'i··e 

atr'Jcture it.self 1'\;'lat pro;;idf! ar<d lEt'lui,-ed rdd:ation st"!.leldl'lg, 

Ground .hoc~ &nd crater ejecta e,t sigll}! icant ,nagnl t'->Qe """y bE 

• .xperie"-:::~. Aitbl ... t an<i initl.Il1 flucle"r c6<illHicn .u·e 

ullually found to b. tnt' critlcal effectt> controlling the PI'.)

porti»ning of aboveground struct.ure&. It.., 111 1: are 1 y be found 

1,6 



.~~.';i';f¥r."".;-:.l't.~'1I$j~""'iI;!.~*.~._ "'...,..._. _""'-:-'-"' __ '" 

i 
~~ 

8C~ic.ll V f •• sible to provide a-,i..<i\.iat. pl ~tectlOft .,ltb an 

.-b.;)veqrould f4cUity et the .. ~re .. v .. r~ envlrc;n.enta. 

2.'.~ Sh~'E '~ .... !~L1!4 Structl~ 

Shall<..'V buried atructure. can be 1Ioaoi. c~l4it of 

.urvivi."lCjI nucl •• r .. ..-per. Ulviron .. nt ...... --ei.t.ed with ... u...
ov"'pre •• ,-r ... o! tbo~\.and. 'Jf pai. .Ii. drUMtic iD~~" •• in 

.acni&'u.ole h4'lrdn ••• ie obtained .. rely by placiD9 the .truc.ture 

f!uab with. or Cel~~th, t~. ground a~fac. and .liainatin~ the 

r.flected aU:b1.a.t. and d)'i~~C pr .... ilr. loada. .urial i. al80 

ben.ficilil in pro+;ectlnq a9ainst i"iti,~l nucloar .and theraal rio

di.tion .ffect., .ince cutb aateria.l is rtI~ .. aonably effective 

1n att.enu"tinq the.., p~. Ira ilc.dj.tion. t .... a •• artb itself 

c.,n provide « ."qnifi<:ant -.aunt of structural .treD9w to tbe 

proteetive .Y.~t_ under c.rt.in conditivn •• 

GJ:ound sbock i. fr4ICJUtilUy fo",nd to b4t the -.o.t 

critical eftect in propur~ionin9 ab.llow buried atructure •• 

At less severe GnviroNDeot •• whic'h .re relat.ively far relllOved 

free the burst point, t~;;. c.rowlJ sbod • .,roduced by t.he airLla.t 

vill generally pi:edoainatot . ..".r anr directl~ coup~.ed ~rcund 
~bock tnet .. y be present. Crater e iect.a and dilt'ltCt-induced 

9r~~ sbock becoae i~~eas~D91r ~>rt.nt •• t~ point of 

interest becomes closer to th. burst roint. 

Shallow buried ·~t .. tact1ve atructur •• are .ubject 

to \:he ..... drawbacks .s any buried structure # 1.e.. incr.a.acl 

construct.ion ~o.ts. gl'OUnd water prob)¢;id, and qenerally d.-

-:r ••• Ad oper.6.tinq eff~ciencv. For t:'1e IIOr. Hv.r. threat envir

oi1aents,. however. ~.autd facilities ilre uaually found to be tt.e 

only t.a»ible we&Aa of providing ~A r~ired prot.ection. 

2.4.3 Deep Underground Str~:~ 

Ir. t~~se c •••• wh.re it i. nee •••• ry to provide 

pcctection fx~ • direct hit or near .i •• by 4 nuclear weapon 
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of any apprltC1&b1e yield. it wHl be found nee •• ...,.y to cousi4e:r 

d_ply buried atructur... Cr.terin9 1 .. &~.ry i»portant .t-1III.;l., 

41009 with the directly couplwd 9T'~un4 at,ock wb4tn cv~"'.idar 109 

.uch facUiti... The facility lllUat be d •• tp ~~" not ~l)' UJ 

be out of the expected crater. but .... .i.~ to be at .. rar"'lOi wh4l'r. 

the qround sho::k ba. att.nuated to .. tol.rable level. Airbl .. a'~, 

.irbl •• t-induced qround abock. tb.r~.l cadi.tion, initial and 

r.sidu.l radilition eft.ct. vill .l.iIIo.t ah'11Y. ~ fo..uod to be of 

little ,r n"l !-;.-ort...ac,"8 for deep undl\tr9rO',ll:~ tltruct .. a:... IX" 

.ffttet:a aay be .ignificNlt. bowev.r. par. t. iCl,il ... 1)' if .le<:t.rol.lic 

'.JQUi~t P'!IU.t be protected. 

Whil. dees; und.:.c;,roul'.d atrllc':ur.f, C4fi be ... de t.be 

IIIfnt nearly invulr..erable of t.h.- r.e.Hity t!'"~., t.bey are 61-.0 

the ~.t coatly .nd pr •• eDt th. IIIOst O"'~ration:tl proill-.. Deel? 

11bo!e!'9r.aund facilitleli can be typl':~lly lIev(,ral hundred. or 

thousands of feet below tb. surf.ce. Thil u14n,tional probl ... 

.nd coat implication. of .t f.~ilitY .0 f~r hen •• U. the surfac. 

are redily appatent. On tl\e ot.her h~-.d, there are no al t4T.na

tiv •• av . .lilabl. st t.bi,,' tire wbich (!ollld be expected to .urviv. 

ext.remely .eV~1~ threat •• 

2.4.4 ~~.l 

'!'y~. of protective !acil.it~.a Art! shown qu!!f.lita

ttvely in FI9_. ;-l. 2-j ~ 2-4. al.cng vith types of burst and 

t:h4I •• aociated .. apon .ffect. ... ~ich .. .re qun.",'ally fOUJ~ to bo 

-:oc;t; '1IIIportam: . ~. vas the ca .. wi t.~! typUt of bur,,", there ia 

r.rely .ny cl.ar d ... ucatioll b:t· f.cL~ity typ-..l ill l'I'oblem8 of 

practicAl. inte"6st. Deep undergrour.d t~cilitie •• fo~ oxlJI\Ple, 

",qst bave survivar.le entrances, exl,,~{ o.."f.lllllUul.ications linka. 

and eo on •• hieb will be sh.llow bu·- ied : ...... .tJy..:veqround fitcili

ties. The Q"" ... i-gnar (lr analy.t of p··ct )etiv •• y!l!t~:;;., cr..n. _uet 

be const.ntly. alert to a.aur. that ~il pIo~ble efr'~t. h~ve 

been coneidctroo for a particular prc,bhw. of ioterost. 
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2. S PACTORS IN D£SIGW AND NQJ·i5lS 

Bv(.n though Analy.i. 1. an !slt.ovral part '.)f L'l. 4e.i!1l 

proce ••• t.fMre a::e 1nb .• rent d.ift'tu: • .nc:e. in t~. ph1.l.0.0llh1 Aft4 

baIIJe appra.th to th •. two proceQ\Ir... d •• J.JIl and anA l~v.iI.. 

The •• diff.r.ne.:. ,d 11 be d10cueattd 1n 1',)110.,1n9 p&rilg.o:al,M. 

2.5.1 Deaign 

De.1gn, 1n the cor..;eut .. 'f t'~i. iiMlt\u.l, i. the 

cl' •• t1oD ()f • .,rct.ctiv. tacil·.ty, or .)I~ .. to .cCOlllo.'):"~!Ioh ;:. 

<;liven f~ticr.. Thi. tunct1r...n will c .. ~rd11'Artly comlillt. ot one 

or -are p1ec ••. cf eqw.~' .. an4/or. per.onnel ~:Lth a 1Id •. :,.>n to 

aCCOIIPli.h .idl.r dur1nq or after an .ttack by ..... .:: ~.ee.r \:'f'"apoU8. 

In .any c ••••• thi. ai •• iCll say boo cnly to eurvi.ve tho attack. 

0Ile cf the tirlt .~,p. in the de.tqn proc", •• 1. the provision 

of • e"iUbln c~' .• ticn.l .nv1rcr ..... nt, i.e .• required power, 

afAce, h •• t, v.~.til.tlcn, etc. 

fcr the deslcr~1 cf any taciH ty. 

(tcr pu~po .. c. of th;~ .. nuel, a 

the funcU.on ~,"cb will aurviv4i 

~;~ •• requir ... nta Are the sa.. 

Next. • Ilrctecti ve envelope 

.uuctur.' .I.let be prcvided for 

the specified .ttack. Finally, 

it IN.·~ be ils.ured that the content. within th •. ~~rotactive ~n

v81c~ .l.u lurv!V. the att.ck. That i. to aaJ , ~~~ protect!v. 

.. ~~ucture ... '] ••• 11y .urviv. tho attack anvh·onme:~t. whllo tt~ 

conunta b~.v. ~ ~;~d cr 4 •• troyed by radiat"on or "iul.At 

-aticn.. ':n .ucb c ••••• the prctc.ll.:t.lvv .;;'.~:~·>' ... e c •• failed 

juat ••• ur.ly ... it it had coll.v ...... 

,Ut.r the t.me..J. ... lJl'" 1. requlr...nu to be prut.e.cte4 

have t4Mn eatabli.hed. 4 •• 19" of the prctective e.l>'n':l'.>p8 in

volv •••• IlY ••• umpt:lcna. The load. froa u nucl ... r .ttack will 

never be knOW'l preci •• ly befor .. ~and. WbU. the protective 

.tructure conflgur&tion .nr "u£·l.al. aay be the d.,'taiqn.t: ' • 

op~ '.cn, the behavJ.cr cf thtr .truct~U' .. l ent1ty und~r tba de.ign 

lo.d. IN.t ~ known cr ••• ~d vjtn ,ufficient oonfidenca to •• -

surt, thtt de.1gn will ac'::",".·li~;' h .• irlt.nded pury:..ae. oUring 

the d •• ign proe ••••• 11 a~~~'Ptlon. are uau&lly t~ken on the 
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con.erv.tive aide .a pert.a1na toO aurvival. For exlUlple, 

~xiaua probable 1o.da froa thu deaign t.hr .. t ara generally 

••• ~: ~ir.i~ apeciti.o ~~r.t. atrengt.n. and .. tal 

yield pClinta .are ~'io!ed; !!dditj.,-~l atren9th c!1M to atr.in 

h.rae.rtl.,'9 of _t.al i. t.yplc.lly fte9Jected, and eo on. Appro

pri.te con.idaratlon of the.~ kind. of pbeaa.ena lftC~ ••• e the 

d<e.i '1ner t. aar9in to·r err.::; j n a •• llI'ift9 t.b.t bi. d4!aiqn 'Will 

!lcca.pl i.h ita intended pu..poatl. 

2.S.2 ~lyah 

Analysi. i. the i!werae of delli~n 1n that the 

f.lcility to be analyaed ia 9iwm, :it 1. not to be cr .. te.!, 

~rea. the deaiqner haa variou. optiona in .. lectin9 .truc

tural ~~ter1al~, ~~o~rtion., etc., the analyst baa none. 

The .ppl:oach and ••• Ulaptlonc ~nly u.ed in 

d~siqn which ~r,: ·~Y'-a"~trVatl.v .. (nllof." &-•• \Orvival i. concerned 

Wl.ll be lILi.le.dinq or unconaurvat;.,'o in • "'.ilure or tAr'Jet 

.nal:~i.. Where.s ~ deaigner .hO~Li a.suae .. weapon '1111 de

tonate ~t ;;.W precl..e pol.at which wi \l reault in the IlAXUlIua 

::redlbie daa&9ing .:fect., a tarc;et al\A1Yllt .hovJ.d •• C\De at 

re •• 01.;...,ble .i •• -distance .. ··4 a ccrL't:es-.'ndin9 deqr6d&tion ot 
.ffecta. ~~i:'~:;~y, a:.ni .. .J.a .'.l ....... bl. ,tructural IOtrength 

parLaeters .re used i~ dbe de.ign p~vc:~~ while the analy.t 

shoul1 lUIe the raaxUtU1'll vA':"'e. which could .. -.e rtullilitica! ~J' '!U(

pect4t(.. 

St.ated .nother w.y. it should t. •••• \. .... ~d 'L the 

de.i9n ",.008 •• that tbe detonation i •• uch L'l!lOt the .!irblc..t, 

ground !lIllo, .. ~k. or oth>!l:r efil'K:t. of inter.at, load. ".h •• t~ucture 

in t~.e nao.t aevere .. ,nner that can be r_~:~.~~ .. ;'a.i.l)' ""F~Ct.ed. 

ThilO i. ur~ aeant to illiply \' ·t unreaaonable coabirun:ionlO 01 

vorat c£.~_ :hould be utili.~. F0r exaro~le. a surtace rur.t 

will typic.lly generate .,re "O\'er~ el!.rhl ... t and le •• er crater 

.nd ejecta effo.lcta thAn a bcrind ~"l':'.t. It would be unreason

able. th6n, to combine the .u.r.face burst airblaat And buried 
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bur.t crat.er aoo ejecta .off.cta into the .... load IIWIItrix (un-

1 ... the apecified thre.~ incl~~t1.c1 two we.~M detonatec1 .1avl

taneovaly). ..ther, on. vovid con.h\er tl ... bw;-.t typea Hp.&r

.t.ely .nol uae tha .ore •• vere 1')ad .au·.!.1f whlct\re.ultad. In 

addition to choo.in9 a n~aaoaable Nt of tA..~ .....,r.t loadr. to be 

expected, it i. gen.r~lly ••• u_1i in de~ilJl1 t..'4t t.bte -;oncret.e 

and at ... l. for .xaa.pl". placed tly the con.truc. i"n cont.ractor 

juat equals the .p.iclficaUona for ccavreli:li_ ~·_refi9t.b an4 yield 

point. Further. it inela.tic act.1on ot the "t .... u;~tW'. ia to be 

allowed :.:.:-..:ier the de.i9n load., the ..aunt ot i6\l·=h ln61"aUc1ty 

1a ur.ually .a.ething .bort of .:oll.pae. 

A target analyst. on the othe!' h .. ,II<1. locka at the 

above factor. trOll a cliff.rent viewpoint. Ue kn':)Va tl-.. t Ul", 

probability of a vaapon being preciacly on tllrqet .nd a¥ploding 

with a tu'..l. high-order detonation ia aa.:.ethiny .I. ••• than on •• 

If he i. inter •• ted in .irbla*t, tOl~ ~le, he knowa that tho .. 

surf.ce of d".e .arth is not the ideal levellu if -.pAce inher".ntl· 

••• u.ed t~ ~ c'legree in airbiast p,ediction. ~ccordingl';, he 

can be .ur. that rolling terra1ft, V8get.tion or d<l&ty .\L'.f.c., 

.tc,. will alter the ideal airbla.t wave in .om~ fll.hit:.n ... y 

or .. y not ca\laa a pracvreor w.ve to for., and so on. U~ al.o 

know. that .pecifi.d .. te.:-ial atrengtha are .tn.L~\.I1',r 7clve. to be 

equaled or ex~ed in Wf.lll-inapected ccn.tructLm, tl .. t c<")ncrete 

iDcr ••••• in co.;u. .... iv •• tr.n'Jth with --go il? to 6. po\.nt;, and 

that properl:' de.igned end cO .• .5t.,~uctAd struc-c.uraa can :oland a 

gr4lat de.l .:>nt di .. v· ••• betuC<lt coli.plle tilan the aaou..t of in

el •• tic action typic~lly a •• UIIIed i&l d.aj.qn. Tile nature of the 

••• waptiCln. m.de 1n target .nalysh, t.hen. will typically be in 

the: )pposite dir.ction of tho •• in de.ign. 'I'h~' extent of con

.el.-v.ti •• or confidence required wi 11 influence the a •• uaptiona 

in the .... t.~h~~n for either ~n.ly.i. or d~a~9r 
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A factor of ,~QtJ' 1/\ oore··:".. ... tJ..oMl de.i9n 1& 

~y J:ac~ ~i9Alo.t yield, C\Z' t. .. beg1u1n9 of 1M1~aatic 

a.ctillA. whlc1a vou1.4 be ct..iVr .... ~ fail~t". 10 .ucIa c..... Po~: 

ea:.upl., .i t!1 ~n .aHowaltltt de.1Vn .tre •• of 20.000 pai (13, tnlCi 

I1/ca2) fol' a • ..:bx Md. ot ISteel wit..": a yiald .traa. of 

13,000 pel (2l,I(l0 II/ca2). tho tac:t4r Qt .. f.t7 1. or4in«ril}· 

.. i.. to be ll,.ZO - 1.'5. That 1. t·, .a" the ~4r cou14 u
per1.noe a 1IJtrdC 1.65 tiaa.\ the IlU""~l. "' .... :01:. 11.141n9. 

It 1. vell ~.m ~t fl~.~ ,1eldin9 in a cluctile 

• ~r .. ~ ~~t !!IIeCaNrill' ....... .:ollapea of the .tructure. 

IDliMd, thU'. ~ ... a vre-t 4N'. 01' ,.. •• rv-1. .trw.,,-tb in the in

c=a~1c .. or puat1c.- z.tion ~rt.or to rfi)ll~ •• provided th • ..,..

ber 01: .·tnlCba. eadUbiu. ductile i>..'ha1fior. 1..A.it, or ultiaate 

at.l:aQ9th, .t..L\lIl prc:iC!~u.r .. endeaV(~r ~o tAk. advantA9a of thi. 

~a .l'..r~'ttb. 'lbtt ~--.. 19ft aU;,wul. !o l1a1t d .. 1p 1a 00.
."U7 .1tjlr ..... ta t.ent.a of tl-.q., load ZUtC"~t"y to cap-.. ooll&p •• 

.;! t:aa. lMiIIiober «etruct;u-e. aat.ber than a .afaty factol', lim! t 

dea19ft .-ploya a load fa::t'Jr, a load faeLer of 1. 6S vould iOOi

Ylt. t.b4t the .uUA:ture { .• daa19ned aQl:h that • l06.d 1.65 tu-.a 

et. d"!9~ 10&4 *"lleS ~ req\lJ.red to caua. faHu •• 

Pn>tec .. ..j.v •• tructuz·u are itiao.t un!ver .. l1y de

a19!M4 011 &n ult.ia&te atreo9tb .. is. 1'he'10.-4 factor in dw,. 

coc1P'Cfttiona.l aeD81i". ~ gttnerally be Hid to be one, 1 ••• , th~ 

liea t9ft 1.o&d h nt.t""'Uy the JIaJd.a~ load 4UCp4Cted. ACCord1ng ly , 

i~ is dUticult. to epeeity 01' reco.l .. ~d '" f&ctor of .. fety in 

the aectl 1n '/~1icb tbe tera 1. ~.r"lly U:l.t. bU\er than " 

factr,.r of • .alaty. it aay be bettl'tr t:.c t~ink in t:era. of aar9111 

for .rro. tr.& Frotactive .truc"'~ure ...a.ig'l. 

Soae --.rqln !or error 1e ,I.nhel'eot in t.hAa uaual 

p .. otact;i "" CC<lUItroAtioa. de.ign procticd. which 1. .trong ly 

or.1eD~4 ~r.t ... urll"i9 ~ .,.n.il. b..m.viol. If there were one 
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key word in prot~tlve conatruction dea4~~' 1~ youid proOably 

be d~ctll1ty. K1D~ apeclflod yie14 atraD9t~ ase ~aed; 

aUaift bardenin9 eU&<Cta are ljJerMlrally Ae<ll.ct.e.ll &nod tbe 

etructur. 1. I\Ctvttr d. •• 190Cld to the point of collapbl!!.. Even 

thou9h the de.19n u.~ally a •• u.ea lnela.tic behL,vior, all~' 

able lillita are eati!NIted and place4 on the &lll()U.1t ot a,,:h be

havior. 'J'h4t&Q laita ax .. u&\6&11y lncorporatod \n terlU of the 

ratio of .axt.ua allowable deflQCtion to tbe yield def.lection, 

1.e.. \.I - yx..., Since i::. baa bee.n ahOVn u .. t j.l _ C~!1. r~ a", lI'.1ch 

a. lO·-50 for ductile aeaber. 1n tl .. xw.-., aar9J.o for _[ror can 

be inc,'.-porattMI into the d~.i9n by .el.etiot! ot c .. :onhrve.tJ." • 

val~a of \.I for flex~ral behavior. Where t:.r it de b<eiw'l1or i. 

antic lpattMI. such a. concrete in ahear or di"<jonal 't:e)iUuon, 

ooluana, etc., \.I i. rarely taken ~~&A~er t.~n 1.3. ~~l u~u~lly 

a. 1.0. "-r9in lor .rror can aleo be incorpo~at.j in ~he de

a19n tbrouqh the valu ••• elected for th~ de.i~a loada. b~ the 

behavior par:.uaetera ch';)aen for t.be soL. or rock in \3w ea .. 

of burltM1 atructure., and eo on, 

Th. tera factor of ... f:f'~y a. used in Q,:sign has 

no 1'.£1 meaning in a~.ly~i.. If on. ia a~«lyzin9 the re.~l •• 

of « .tr:Qcture to a 9iv~~ load, he 5. gen.rally interu.t6~ in 

the actual responae within eOlaoet arecifi.ed tolerar,ct!. In such 

ca .. *# it ia u.u..lly nece •• ary to •• tima\;.!t the accuI'acy of tn. 
analysis a. vith~n 60 many percent ~aeo un conalder&tlon of 

(,le factor a involved in the probl_ of irlter.at. If one is 

conald.rlng tar':]et analy.ia, or kill probaoili ty, the de.sign 

a •• waptiona are •• lJ()ntially all revler.ad as previously d18CU8&ed. 

.. ld. troc attackih9 .. apon .yatam reliability, CEP. etC., the 

target ar.;,lyat ia forced to con.id.l~ th ... beat probablt> struc

t'lral behavior and the 1.4et' probAble; load. it he i~ to incor

porate any ... rgin for .I'ror int.o hi:t anAIl'aia for surf, !r.ill, 

heavy damage, etc. 

In conclu6ion, incc,rpc _'at ion of an apPlopri4te 
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fActOC' or •• tety 0:(' ilSr91n for error 18 eoaAd prac.ice for 

ei~ 4 .. ~~ or L~yet 1A hie effort to aobieve "'nlng

tul r .. ulta. ...."tb aboule! be con.t.ant.ly 00 9\i<U'4. howeve!:, 

to aYOLd ,.111ag 0i3 eo ...... ." COL..1WU:"Vati .. t.b&t the final re-

eult. are unr .. liattc. 

2.S' ~..!\cy aPl Pc~.!:.!.!~ 
Accw:"_~ and Faci.ion abcNld .be ~r:,lUrate 

wi o:-.h ~,; bput data. Otw: o\Ully, tjaa-conaUF.1ng .opbj, .deatH 

t.ecl .• i.e~ ... ahould N.t be u.t.lhecS in altuationa vla~'.e th~ 

load., .oil pro~'ti ••• at.ructw:al detail ..... ..0. a&e nC't knomt 

clo .... t.bua ! 2~ t.o 5~ P'~CeJlt. Thh h DOt. ...,..t to iaply. 

~ 1'. tlwat qro ••• ,"~iol'A .boulcl be ,,11.., 'lPOIl gros •• a-

• uapt: _00 UDt11 tba • ... ,,,ul t. are not.h1n9 lIIOre UlAn a .::r<1de T..I. •••• 

1 .• .,.1ys1., the atructure b geAar.lly well 

ciet~ De4 aDd .ore • .>phi5t.icat.ac:\ p&'ocel1urea .:~e ott.eIl jl,l~t.ifiabl. 

the , 'WCNld be t.bf, c... iD df,.1gc. rurthel, the loada au.t io 

9« eral_be kAolin. iD **'. (1.3t .. 11. particularly tor a dynaJl'_ic 

AI' '1~'.J... 'CW.s i. beeagMt the reapoaae of /a iI!V(_!a .t:t'U(;tur"'l 

14 .. strongly deprondeDt Upll1 the abape of the l0a4-tiJle hJ.a-

• "-C'V as it i. OIl the ~ valu. t.her'lOf. Much of the philo.

~.):, aDd 1:e&80ning dbcu • ...c! iD pr • .:ecIin9 puaqcp .... aL80 

~.r~ co the juat.ifiable prtiCiaion and 8XPftCted accuracy of 

.. ~te..:~.lv. COi<atruction calc:ulat:"ona. 

2.S ~VDJDk:a 

2-1 C:la • .;':.~. S •• at &1 .. The Effect. of IlucJ!!!: we.r.!!~ 
~-.1(',..nt PriDt.iag OffIce. Waahington. D.(,,1116. \J) 

-, 
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S1XTN:)Il III 

AY JWlAS .~ 1'1Lv.M.fu:H/'~ 

1.1 8L.UT WAVE IN AiR 
'.;.. ........ :::.. 

1.1.1 C.~.l 

~_~ ex~lo~ivn i~ Gha~.ct.ri&.d by ~h~ 3u~den ra-

l .. ae of ener,»'Y. The IIOI.lrct! (It this elleJ:3Y HI H~lAtiv_~_! illlll1&

te,-ul. The releaa •• boV-ever, auat be •• I.;..i,-~en one. A nu,.: ... ·" 

exploaion r.l ...... tr_n~oua u.ow·.t or "I,~r9Y in .. very .IiilI6: 1 

.pace j~ an &xeee4; n9ly a_lort tiJM. ttl', t. aucd",n releaa. of en· 

ergy <''"Ollverta the aurroundin9 IUlter lal ,Lilt.;.· extremely hot 9."1. 
which expand rapidly and q.nerate i, .hock v"I'e in the a&ter ~ .. i . 

In air, thl •• hock "ave i. terwed • bl •• t wave a'1od C4\ofles • 

.-udd6l'i incr.a .. in rr.a8I.lr. via!~!h iJalnedl.Cltely beqinl!l tc ::l",cre'-1e 
aa shown in Fi~. 3-1. Appr')ximat.;\ly 5C per'-;ent of th'! tluerg)' 

yi.ld o~ • typical air L .. r .. t (at a .. titudes odow 100.00(, fe.-et or: 

30,480 .) reaults in blaliit .!lnd .hock (Fig. 2--1). 

Aa the ex~.n.ion of the hot 9iH.tlli co •. c:inue:!. 

the front of tl'e bl&at vcr". travel. rap.dly iiW4Y U'?IIS the '!.J(

ploaion in tho, lIiuu.n.r of .. aoving vallot h.\'lr.ly (.olkpreS&.,d 

air. Th. v·.i.u.::ity of th't! blast front .and tho pe:4k ptelil .. :u-e 

deereAa. while tbu &patl.ai IIXtent U'.~~rel!l.se:.ii ,UI shown 10 Fig- 3-2_ 

l.1. :: Ov~rpn'~~~!LJ~!,£ __ Dyna:ai~m:~:!~:.4! 

The tr.nd1ent pces&~re in ~xc~ss of ~he ~itint, 

or aUL.-oundill9 Atmospheric pr~a.uxe. ia dei~:~~ as the over

preav.ure. The pea1l uvcr~): ·.'salJ . .rc is the 1f,1lXl:'1Ul1l ~'.'-'1.\e of the 

overpressure at a given locat:,on. All tIL; .. bl~,.t wav~ arrive. 

at • given point. tne overpressure rapidly .1!:\:::r:,io.:.:eIJ fr\J11l z.aro 

t_o the peak. overpres.urt<.. In the 4b.,enee ot p-ert.urb<lt I. or. .... the 

ri •• tiAe to peak overpre.sure vill be less t.h,,:11 a lIucro •.. .::ond. 

The value of t.ne peak oveq:;rell&lue and the Va!" l;ltl.Ol. uf the 
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Ol$t.nce 

l-. ': .:!"<! 3-1 VAC ,<It ion of Pre •• ure in • Blaat Wave 

" ~ 
.' 

UlstAnca fro. ~.plo5Ion 

Flcur~ 3-2 \ l[Latlon ut Pre.Sure with Dlstance at 
S.~ "~e5S1ve Tlmes 

2J 

~-

ove&"pr ... u:ce with tt.. are f\."Gct!y .. pr1a&rily of tile weapon 

yle1d, the "eight of burat, and tl .. 4iatance f_ 0111 UI. buat. 

JUI the blallt w.ve lAOve. outward t"011 the explos1,AO, 

tJw flow of the .... of .11' belli", the bla .• t front produ... ..... 

a it1n4. The resultinCI pre.sure 18 tel1Mod the dynA1ll1.1c pre.s\U • 

• nd i •• function of the 4enalty of tb. alr through whioh ~ 

bla.t w.v. pa .... an4 the WiM veloch~y behind the ahoct front

Under sa.. conditlons, the denslty of the all' aay ~ incr.~ 

by duat and other .. terlal picked up by the blaut vavo •• 
it .ave. acroa. the earth's .u.rfaee'. 1.8 wl11 be •• <liD t~t.J:', 

it 1. Qaually convenient, but not always corr"":;;.\:. tc rel.tAl the 

peak dyn&1!lic pre.aure to the peak (1~.c4. •• W;. wlth vlUch it 

i •••• ociated. 

3.1.3 Tiy of Arrival, DuxaUe·n anC 1_;,41 •• 

A finite t~ elap.e. bQtveen th~ 4~tonation &Ad 

the arrival of tl .. bla.t front at a givoltn If>C&tio:!l.. This t.iae 

of arrival is priaarily dependem; upon cue t; .. pon yiel.d and 

u. di.tAnce trca the point of b\Uat. 

'l'he duration of the bbst .,.ve i. ohacacterl .. .s 
by two diatinct phas... Ollrin\, the fi.r.t, or iK>aitive, ptud •• 

the ov-er.pre.a\;.:e riae. very rapidly {es.entially inat:.antal".eoualy) 

frca aabi~nt to ita peak value an.:i then d.ere .... s..ore .lowly 

to aabient. In 9~neral •• the duration ~~ this positive pl~ •• 

increase .. aDd U.e peak overpreaau.re d4ter ... e • .,i tb di:c. .<I\rlC4J 

frca the explo.ion. 'l'he pos:'ti\'e paalle for tu. dYnA-'1Iit pr<N

.uro i. IIOIMIIorbAt longer thAn tor the overprea.ure. 

In the aecond, '.)I' negAtive, ph&~e, .a ,:.artial 

vacuUII ia created and the air i •• uck<td in rather t:h.a11 billing 

puched .wny, •• when tllO ~;:~!',re •• l1Xe ie positive. L:(,m'$qut:ntly. 

the .,incl hlo.,. toward the l>oint of detonation ducin~ ~.., 
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M9aU". pb.&... Peak .,,1._ of the Ilnderpressllre liurinq the 

IWIJ"U .. pha .. rarely exceed four or f1 .. pel (;I.lot" 3,4 N/c.2) 

below a.bieAt. Onderpr ... ure 'j)eu .alue. deere." with distance 

fr~ the eltploa101'l siailar b" peak overprel!illure •• altho\\9h at a 

slower rat.. P.ak vall.Ws of both dyruu&1c pr .. &nre and overpres

sure duriA~ the ne9.~iYe pha.e .r~ typically eo aucb a.aller 

than duriDII the positive ph." dl.at t.he Qe9ative ph.se :I.e never 

cl:itical in cieteral.naticA of .u..tCtural respon.e in .,.t practi

cal sitOMtiona. VII:.·lation of 4ynaaic pre.sure ao4 oveqlressure 

at a poiDt. 1& shown qualitatively in ri9. 3-3. 

Of"n an ~t&Dt p&r ... tar in connection wi tb 

d."~4.a1nil?;9 alrblAlst e'fecta Oft protective .tructure. io the 

~ul.e. ~l .. ia delined a. ~~e ar .. UDder the pr .. aure-

tt.. Curge and ~y be a.aociat.a with .ither overpre •• ure or 

cynaai~ pt:e •• ura ai:.4 ~iU"" or 1le9aUVft ph ••• duration - or all 

of th ...... 

1.:".4 Scaling 

Pertinent airbl .. t par ... ter. ate ordinarily pre

aeuted in teraa of a ref&l:euce weapon yield. usually UtT or L'fT. 

In the 1~~r.~~\onal ,yetea of un1t., IXT - 4.184 x 1012 joules 

and lA!' .. ".114 • loiS juulea. '!'he •• par .... te.r. can then be 

det4:c"illined for oth.,r yielda of interut by 5calin9 frOil U:a 

refar"lDce yie14 •• 1 ,lee • 

If cerblil' ...... lIptiona .re aau recJarcUnq the pro

pertie. of lli4 and sboct-vava prop.9ation. it caL be concluded 

t.M(; • 'liven pr ... ure will occur at a di.tance fr:. an EaxploBion 

t.u.t ia ~~rtional to the cuba rc,ot of the enarCJY yield. 'ii91~

"'Plo.i~.a .dd DueleAr te.u have lhown this rel,tion to hold 

aps.'roxinatell uue tor yielda up J.ntc. tn. -.qat:>n r.nge. 

Accc:u:d.ingly. \.he rAnge (diatance), R. at whicb a partic1l1ar 

overpr., •• w:e or dyn&ai,~ :?r~.!Jl:. "j 11. occur due w deto,lAfion 

of • weApon of yield. N. aay t. f(,ur,d trc .. 
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1IIh I:e -1 b the range ,;:'_ which the pre~.ure or inter.at occur. 
d:'e to the r.ference y .. ~ld, W!. 

Cube root ecah."9 .... ..:h a. the above can alao be 
.·ppUed to the a1rblaat t i~ of arrival. V081 t1ve pha •• duration 
!\nd. iapu.'.". 1. ••• , 

L '" [It ]1/l 
tl llt.L 

al.4 f·- • r !'i.-}l/l • 1 11. 
.. l 

(l-2) 

vher. t der • .>t"t. d .•• o! arrb'a'" oc poaitive ptwlae duration, and 
I is t.'e l.I.tpul •• oi intertbOt.; the .. ·.lb.cript~ unaa ar" th. 
referPnce yield valuea. 

N}.en uinq .u.rfac.:: bunt d.au .a the beat. :>f 
t'calin9 eftec'i.".s r"r • free All' t·urllt. i.t 1a uually •• s-..ed that 
\;. .• '" surfQce burst i. tv~ce •• cl:r.C'tive in bl •• t .ffeet. as u.\. 
air bur.t. For s~.urface burst. ,mere the depth of burial i. 
only e few- Ip~t. the airbl •• t scaling wlll be .iailar to that 
for a .uttace bur.t. Aa the deptb of burlal .ncre •• ~ •• .are 
and more 0# the available enerqy 90" into crate~in9 and 9round 
sh<:t";). and correapondinrjly le •• into ,.'-blast. "01' & cru·Je 
approxlm&tlon of tb~ airblaat effecta in such c.aea, one could 
'\$sume .• fr-ctio1 of tll,,· actlUol Yield jr.vo!r.~ly proportionAl to 
to'·e depth of burLal ~~.&red ~ the burial depth for full 
~I ta1naent. and treat '".hi. r~uceJ yi.l~ a. a surface burst 
{e.q • the :.-ield for airbla.t efie-cta wou~d be .ero for,. d~th 
cf bll1'ial equal to or greater than -:.he deptr. required for full 
centaiOlllent) . 

In ~.in9 the foregoing exp[e.sion~, it auat be 
unccr~tood th.t both distance and tilDe a£e bein9 a.:-aled. For 
ex~~p1p, if a pe.~ overp~ea.ure of 10 pai '6.89 N/ca2 ) occura at 
9500 feet (2896 _) tra. " lMT i4.l84 x 1015 j) .urtace burat. 
lQ plii tree 4n gMT 03.5 ~ lOl!l j) surface bur.\: will occ.:.r at 
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fSO¢ x (1)1/1 • 19.000 feet (5715 .,. $~lArly. if the .11'
bla.t t~ of arriva! at the 10 pal r~ge (9S0a r •• t) tor a lMY 
aurface burat 1. 1.9 aeooDd., the t~ of arrival tor an tN1 
aurface burat ~t the 10 pat range (19,uOO feet) wou14 b1 ~ .• 
a~~nd •• 

1.1.5 ~-U 

Th. airblaat para;::etora which .re generaUy a>at 
u-portant in protective c?n.tructlon are 

• ~.A« ov.rp· ••• ure 
• Pee" drn~ • .i.c presaur. 

Pre •• ure-t~ hi8~ry 

The peU pre.auree an.l d ... prellaure-tlme t,htory d .. t.8.na.ifWt tM 
~lae pr ... nt in an a1rblaat wave. 

Ot.h.er fr .. a-field abblaat parUietua which .ue 
frequently iapoo:tant in apeelf ~(' applicb.tiona i~luc1 ... t.he abo;k 
front velocity and the yaJ·t.icle (C~ v.1.n.!) velocity behiP'! t.he 
ahock front. The •• airbl •• t eftect. and char&c~~r!atlc. aro 
treated further in follovinq para9r.aph •. 

3.2 OVEllPlU:SSUlU: 

3.2.1 Peak OVerpr •• sure 

One of the QO.t ~rt&nt airblaat ef1~ct~ ia 
ov .... l?re •• ur •• Le •• the axcelOa of pn:: . .-:eure in t:he blast "dVe 
ov.r the .abi.nt (&t.lIIOaphto, ... c) pre.~· t. The !IIA.IlilllUSfl v-.llue of 
the ov.rpre •• ure dirt'ct.ly .hehl.f)d the· "'lOCk trent 1. called the 
~lt aide-on ov.rpre"aure or, :""ore generally, the peak o'J\lr
prtt •• ure. Sid~-on overpref'.~e 1. the OVf'rprva.ure n.;,:oxd,,~ by 
• 9age ClOWIt.ed flu.sh with ,be surface of the qrow.d 05 .". 
airbla.t wave paa ••• over t~~ poin~ (Fig. 3-3). The peak 
overpre"aure at a given loc.ation depends upcn t'ltt enerc!y Y'.eld 
ot the exploaion, the gro..md rCl1l9fi frOll tr.e point of bu..;'st the 
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hei~At of a.w-et (or depth of buret». t'" the ..siu. in Wftlzb 

~ weapoIl i. d*~t.e4. Tb. peak OYerp~.elNZ'. wb.ich vl.ll 

occur at a 9iven r.~e fra. a 9iven yle14 can be rredicted wlth 

OCII\~idence ,,1.:.1110 a factor of t;-.o. '!'be precUcted ranqe at 

",~lcJ1 • 91 .. 0 ove;:~re •• ur. "ill occur can be conaldered acc'.J.rate 

"1~A 20 rereent. 

The putt overpr •• sure .. • function of veaport 

1 \.1 cI aad 41auoce fro. t.be bur.t p<"i.nt ba. belen Jaea lured in 

Duc~ .. r field teet. and calculate4 tbeoratically. The follovin9 

exp.~.lo ... ra?re.ent toed an:roxiJ!l&tion. for the "'arlatlon of 

pw&k aYerpras~ur., P.o' with di.atan~~ ~~~ Ji.~d for a surface 
~t.. 

Pac • 3100 [~) [lO~O!tr 

15[~-1 r l~]l 
10 - j J l a 

+ l~"" [" 1112 r .. Iii'f UL~ 
J Ii\. 

~ ~13/2 
+ n [ • tn 

[ 
1 • j 

psi 

N/ell! 

lquationa )-) ar. ba.ed on the a •• u.ption that one-half the 

ene%"9Y of ~e detC't'\&tioA 904's into proJucift9 airbla.t.. Pi9ur~ 

J-C shows L~e r.l.tionahip bctve.n peat oYerprtiS.ur~, w~apon 
yield and bnn zontal ranqe ior a aurface burst .nd "'11" .... a vf;ry 

well with :be ""apr •• aiona preaented above. 

~ a.nt1~ned pr.vioualy, surface burst~ are 

()-) 

••• u.e4 to ~ twice ... ffective •• tr .. air burat. for blast 

.itecU. AcconUn9ly. 1': onr viahed to WI. Eqa. 3-3 to .atimate 

peak overpr.~.u:~ f~ • free ai= burat. h.'~u14 U~~ one-h&l! 

t.1\e act'J.&l air toUrat: yield. 1f. in th·! ~tlon.. It .'V)uld b. 

borna i" id .. d that the ovupre.aurM &:.~ue calculated wl11 be ,~.,. 

air ,werpr.§.ur~., Overpr~~$~" on the 9rdUn4 surtace =~O. an 

air bur*~ Invol~ ~~flectio~. froa the 9roun4 and will be 

fi 

~ 
! ... 

~ .. r..., •. .... t1 .. n4,tHj. 01 M .. ttr r.~ 

lO lV 4:..; 

lt3a 

~Ol~----+--------+ 

)0 '--- J- I If I .f 

10 ... ---+-_. 

o.~ I ...} A I .. ,-j f-l+-+-

o. ) 

0.1 • I «, « «L-' 1 ( 11 I "'l 

O. ) o. ~ .', 
~ .. ted in a later pa!.:'a9ra;-h. ..,-",.. ~. ~ -.o~ ,c,J. 

3S 

FiCJure )-4 Peal< Overpres,ur<e< It G!o ...... >; S.uL.·p \'<'rIlJ5 k .. ,-.• " fc" 
"'.'lou. \'1.C""lds- ··.5 ..... i"'fa'-~e l'ur.t dt: :--t·"" ~.-e·.·e. '",,_"'It~ 

..... """". 'SO. of '''~.''Igy ette-:tl ..... " .... rod..lcl,)~ 41rtl.&s·. i 
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3.2.2 !j..!!!_2LII.~o.1vd, punUon and l!!pul~e 

Sir.,:. t:u.. of arrival, t
a

, pos!tive ph ••• duration, 

to: U:~l.ei 1; .nei 4iaunce for a "iven peak ovorpressu.re .. 11 

SCAle ac~rdin9 to the cube root acslift9 law, it i. convenient 
to r~late th .. e thr_ par.:llMte,;. to peu ovc:rpre •• ure. Fi9ure 

)-5 ~ the.e relationebip. for .. aurfAce bu~at 01 lHT (4.184 x 
15 

10 j). Fo~ otl.er .urface bursta, value. of ta' to and ! 91~.n 

in Fi9_ l-5 are ""lUpHe4 by the ,!Ubo root of th. ratio of 

weapon yield o! int$~ •• t to tNT t~ obtain corre.pondi~9 values 

of the~. par ... ter. for the yield of intereat. ~r !r~~ air 

burat }:>ar ... t.e, •• the C\aba root of the ratio of ODtt-;,.!f the air 

burat yi«ld would be u.ed to ut'li.e aurf~ce burat data. 

1.1.3 V<u-ut,i~n of OVerpreaaure with Till. 

The rill t.e of decay of overpre •• ure behind H.e ahock 

front 1a a function of pea£ overpr .. aure with the initial rate 

of Ilecay ex"r"""",:~:; ;. .... ~.: ~!' "'!,;~.ar o.erpre.a~e. "rca the 
il:itial peak value, the overpreaaure var1ation w1th tiM. for 

auriace burats ca" be d •• crib.d aa the au. of exponentially 

decreaain9 oomponent~ 9iven in the follovinq equation from 

Ref. 3-1. 

p(t) "P
ao 

~l-T) ;se-QT + be-8t + ce-YTi (3-4) 

where 
• 
~C.~O) 

to 

• • 
and t ia ti .. after datonat1OR with t - t - ta' 
cierta A, b. c, ~. 8 and yare qiven in ri9. 3-6. 

'1'1l. c\~effi

rl9Ure )_7 

ahows the nor_Ii zed ·;)verpre.aure, 1.e., the overpretlaure rel

atlVp. to the ?fak overpressure Ip(t)/P.o ) .a • function of the 

normalized time, i.e., the elaspsed ti .. after arrival of the 

blast wave at thE point of intereat dlvid.d by the poaitive 

phase durAt~-:", :.../to' for various peak cn-arpr.aaurea. The 

lIemiloq plota of Fiq_ 3-1 distort the typical .ha~ of th"!! 

37 

.... 
II 
U 
...... 
z 

• C> .. 0 

" ... · • • .. 0 
tOft 
• > 
0 .. 
• • 0. 

0 0 

~ 

0 .. 0 0 ~ g : .... 
0 ... 
0 U 
0 5 If' 

0 .. 
0 • 0 
fII • . -~ 

l.!t 
0 ~ 

:::t • 0 t ... 0 ... .. ! 
0 1! ... ¢ •• ,-- .. 
o "'" gi 
0 u .... 
fII 0. .... 

IIU ... • 6': " .. :J • .. to o • ~ o • 
:~ ... .. 

0. ...... 
" .. • ~. 0 > .. 0 .. 

"'0 .. 0'" 0 • fII • Je .. .. i • •• .. .. 
0 ge-... . .. 

f~ 
Q. 
~JI( ... 
~: 
on 
I ... 
(: a .... .. 

0 0 

--
0 

0 . 
I :l ~ 

j8 



0 

• 
~ 

,,," 

0 ~ 
g, 

10 
5000 

I 

-, .. \1 it 
. · W' ++-t-+++H ...... -,.....;.-jo-'H>-+ ... I-H'+---t-~ . :,-; , ; 

•• i 

! : ; , " I 
10 100 100 500 1000 lOGO *0 10,000 

1.0 

o , 

0.6 

0.4 

0.2 

riqur. l-f Valv •• o~ o.aanUU •• fer CoIIpuUnq OVerpre •• ure ... v. POl'lla 
for Surfac •• vrata (Ret. 3-1) 

t. .. -~ 

~ 
" +~ ... , ... +, 
~ t·<f t t ,. "-1 
t ' ; -=-1 t ! : tl --.... --~-...-H· ...... --

4 4- ... --4 t • (+"1 

! t.~j:;!l~, 
-~ -+8 ~~::.:. 

. ! t, ! ~: ~ : ~ : : ; 
· • + ...... i >' • 
• ••.• t, '. I 

, I" -t I ". I 

• f." ....... 1+4 • , ..... -- .... '1'-"-.----.................. .., ·t 

i ... . ~ • i .. 4 • 
• ...... -1. I.... , 
, ' ••• --+ , '1+1 I 
• • 4- _ .. i • t '"~ tlli

·--·-:--·~·-~· .. ..:.:~ -'-~--:.' 

o --"' ..... ,---'----................... --..... ----'~ 
0.0001 0.01 

tIt 
o 

0.1 

Figure 3-7 Nonul tzed OVerpr ••• ure-Til\Oe Cl.lr\ 0.1" 

1.0 



"'~ 

c 

~"';;(:"-:;l'-i;f";'~~~~,;"",t·~~ ~:'l:""~"'~" ______ ,'w. _,,_,, _____ , __ -_ ,_,_, 

pre~.ur.-ti~ curve fra. that .hown in Fi9. 3-3 but provide 
greatt?r ",,,tail of tb" early portion. of til ....... at th. very 

hi9~ overpro •• ur ••. 

Nor.£liaed j~u!a.-time CQK~. for a L~ t4.1!4 x 
l015j) .u,elace burst .b;: shown in Fig. 1-1. 'rhe •• C\U'V •• ar. 
usef"l for d.t.ntinl.nq the 1JIpulee at varloua ti ... during 'the 

overpres.ure po.itive ph ••• durad,on .114 can be U&led foe other 
field. by .caling the I .. ~ .alue~ a. deecrl~ p~loualy. 

3.2.4 OY$rpre •• ure-rde Aegr:.-;xilH 'iOl"~ 

Since ~ o .. rpr ... ure-t.lae curves of Fig. 3-7 are 

no~ readily usable for rapid .uuctural renponae oo.putations, 

they are u«u.lly repr.sented by triangular equivalents a •• hown 
in 1-i'7. )-9. nlese equivalent tru,nqle. a:.l havo the ...... 

initial poeaJc o~!l!rl't",",s.ure, P .0' bu~ have dJ ffer"JDt durationa 

depending on ,,-,',e ex;pected tille of JlaxiJau. • truc':;u'!."al r .. pona •• 

The duration. are dete~ned a. follows: 

.IA. If aaxiau. .uuctur.al napon •• occur. 

after tne cnrerpretlsare has decayed to ae&'O, a duration, 

t i , i •• el.c:tGd .n that the- total illpulee of the 

equivalent trianqular curve is equal to that of the 

actual overpre •• ure-t18e curve. 

b. If IN..(iaua riuponae occurs .. rly in the 

pre.sure-ti .. history. the .lope of th, • .q.ai •• lent: 
trianqular puls. is a •• uaec:t tanqent to the actual 

curve ~~ultin9 in tho 4uration too' 

c. For r .. pon •• si tuatioD8 ,:'nter..,·~li.te to 

"..hose above, Ole duration tso i. found by ~.wdn9 

the equiva.l.nt uianCJ\llar pu:.a. pa •• ,. throu9h the 

actual curv.t at Pael2. 

Figure )-10 give. value. of ti' to~ and tso .s a function of peak 
overpressure for a lMT surfac. bur.t. The ti ..... y be acaled 

to other ¥~~ld8 by sultlplyin~ by ~. ratio (~/WlJl/3. where W1 
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1. tJ~ ref.~nce yield, •• a...acJ:lbeci pJ:e"~.oualy. 

It • coaputer 1. availabL~ for tbe etructural 
re.pon.e c~lcul.tion •• the actual pre •• ure-t~ curve can ~ 

••• 1ly ~ed for the torcinq function rather than the .iaplified 
&p~Toxl .. tion. die~u •• ed above. 

3.2.5 Shcc~ Fron~ Velocity 

Tb~ ahock t~~~ veloci~' 1. i~rcant in deter
air.inq da __ airbl •• t loa\i!.nq of ~\-egloune: .tructure. And the 

tl.JIM inter-relation.hip of ailbla.t-iniSuc(o(! and airect 'Jround 

_he~~. 

The shock bont propagate-. ,outward fro. the buret 

;l<;U'.t with a velocity which i~ • {;;.,clt.»l of the peak over-

2; ·'.lre ju.t behind the .hock front ..,.1 the aMient conditione 

'-: 1 <!ir ahead of the .. hock front. The .hock velocity. ~. i. 

eJl-pr\.· ": ! by (for P < lOO psi cr 207 N/al2 ) ee 

where 

r. 
u • C l4 o 

6P 11/2 
+ '!iI

80 

'" -

Co - &abient .peed cf .ound ahead (If .hock front 

P"yo - peak ove.r ... ;re •• ure 

Po • &llbient prU1'!lJuce ahead of .hocJ~ front 

'tne &abient epeed of eound can be fOW'ld by 

Co - (Y9J~) 1/2 

~herf:! 

~ 'ratio of arJ8citic heat. 

~ • acc.leration of gravity 

R engineerinq 9&8 con.tant 

T - absolute t.mperature 
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(3-5) 

(3-6) 

".."",,~~"i(""""'~~""'~~""i::~";!~~',.'t'I"<f~~"O:::::jJf"'--""(~i·-:'~"-

'!'be Itboelt front ftlQ(:lt)' •• a f-.n:,ticm of ~k. overp:'a.lI\lre for 

... 1.".1 conditione h preaented La l'i9. )-11. Sho.:k front 

.. locitie. at other alt~tud •• .,111 d.ptnc1 upon the AIIib!C>Jlt 

conditiouii &t th~ !:l~it-u4.: at intetr .. t; .a •• fue examplo • 

Ref. 3-3. 

3.2.6 RE'flt'cted Overpr ••• u.re 

Whene,.r the bla.t vave .trik.. • aurface which 1. 

not pAl"allel to ita dir~iton of propa'lO .. tion, a reflection pro

c ••• tak •• pl.ce whien caua •• an ~~~ea •• 1n th~ peak overpre.

aure. Thi. rffk . .:tion prac ••• i. c.~ •• d t-y d.;; lIiIOmentua cha"lqel 

when ~~e .avinq air chang" direction a. a resu!t of .tri~!~~ 

the .urf.ce. 'lb. ratio ot reflected overpra.aure to ir:<::idont 

pre. sure ill called the .r.flection fector. '!'!Ie refle<:tion f • .;tor 

varies with both the .. ak overpre •• ure in the incident WAve and 

the angle at which the bla.t wave etrik •• the surface. 

If • nuclear ~pon i. detonated at eoae di.tance 

aoc'\i';: ~.he 9roWld eurface, the reflection PtOG'!:.:';s depicted in 

incident and reils~t~ w.va ... r9- at the ~round aurfaee. Tbft 

"gnitude of the peak ref:~~ted ,:-verpree.ure will depc!'l:ul ('n the 

incident peak overpreaaure and tb~ &n91e o~ ind dane .. of the 

bl.at wave w1th the ground surface. At.ome d:"Eo""nce froa 

qrow,d .~~v (GZ). the retl.~t.~ vav.. trave41!nq through ~lr 

thLt has been heated and COllOfll"", •• ed. o,erUke. the ~neident wave 

and the two wave. fuee into a eirlg1e front a. &'hG~ in Fig. 3-12. 

'!'he region where thie fusion ~.ke. plac£ is called tt.4 Mach r.

flection region, and the fuaad w~ve fl )n~ i. called the Maen 

etam. The point at which tt •• t_, vavea &erge 1 .. ea} led li~ tri

ple point and ita height above the ground ~UTfAce increa&ea with 
diat4nce from GI. Any object above the path of the t£iple point 

will experience two tii.tinct • hex. 'ta. on. trOll! tne iIlCic1~h'lt ",''v. 

and one from tne reflected wave:. An object below the path ,.)f 

the triple point IEl e~ri ... c .. only a .inqle shock. iii",,:. t.t.. 
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liACh stt!lt. is nearly .. ti.07t;;':::~l, h!f!~~ force" in ~h<!t Mach retlection 

region will be directed para1: .. 1 to the g! o~d aurface, i.e., the 

• hock· front. i. p3rptw_i.culu to the grc-Wld aurf.ce. 

If t.~ Angle of Incid~nce ia defined aa toe angle 

between t.he shock froat and tbe renectJ.ng aurface. a 90-de9r .. 

aD91e of incidence would correapond \.0 .l au.t"face paraUel t.o the 

direction of propa4)atiOft of the bla.t "'Ye. IU9he.t reflect.ion 

f'~tora occur at. a &~ro ang:e of incidence. 1 •••• a aurface nor.

_1 to dj r.ction of propagation of the bl .... t Ave. 

3.2.1 Effect of 8eight ~f B~.t. 

Although it. will ~eral1y be found that. •• urface 

bw: •. t. lo. c.t __ .,.t et:ecth"41 1:}'p. 1n attackint hu.1 t&r'lst!l, there 

are ~ situation. i~ which an air burst c~ be .,~e advantaqeoue. 

~t peaA overpre .. ur ... of 1.". than about 20-30 5Al (U· \:1 N/cm
2

) , 

the range to a part.icular peak overpre •• ure can be ~ignlficantly 

inc:ceased by detonatinq the ... apon at. .oat opt.J.aua Might above 

\".be CJro~d surface;. At t.he ]0 pai (21 N/ca2 , con';our, the tn-

CTtla •• in range is about IS percent. which r •• ulta in an increa.~ 

\n the area cove~..s by 10 p.;1 or greater of ~Alt 30 percent. At ., 
the 10 psi (6.9 Mica') contour. the eorrespoltJinCj incr ..... in 

ranqe and ar .. covere~ are about 45 And 100 percent., respectively. 

AlIllO .. t al!. conventiOnal structure. would be 4 .. troyed or se"ere1i' 

d&ma",,'·i~ by th. \.0"1 effect. at. a ranqe corre.ponding to a 1(\ psi 

ov.rpre~aure environment fra. a .aderate yield nuclear bu-at. Ac

cordingly, an air burst ,~u14 be the .oat. e:ficient. ~ns of a~

ta<.:k:l.n9 such targets. 

In addition to the &bovegro~ ~oft target~ ~.n

tioned above, there i. rea.on ~o bel ~eve tJ-.at. air bursta elm be 

effective in attackin9 bard target. und"r aOll8 condtt:ion.. It 

is concludeJ in Ref. 3-5 that reflativ.l~ low air bur~~. up tc 

a ·,'!.eight ot About 200 (W/lkT) 1/3 feet (0. it \W/1012 j, Ill • .) should 

be atout a. effective a •• urface bur.t. in producinCj airblast .f
f;~cts. Crater Vld ejecta effect.. will. of cour •• , ~ forfeited 

.i'ce burst heights above about 100 (W/lkT,l/3 feet (0.09S 

(W/l012 j) 113.) ':fill /tot produ~ a enter. A reduction !n the 
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d~t an4 ejecta a&aociate4 with c~.t~r forafttion CAQ be 4esizabl. 

in the caee of ~ultiple ettac.ka, .inC'e duet ralsltd by prflviou 

bur.ta c:an prftaent " haaard to cul).L"uer" re4antr,)" vehicl.s . 

Fique.. 3-13, 3-14 and 3-15 sbow the etfect of 

height o~ burst (8oa, on peak overpre.swr ... un th.! 9round .u.rfaoe. 

Ttle c:,U.ua HOB :or a qiven P4t&k overp~e •• \U. Ie th.t H08 which 

oorre.po""- t? the .. lda~ 1Jr0und range. 'lb. BOB ;sho ateeeta the 

pre.aure-tilDe hiatory of the ovezpr ••• ure orl the 91'jWld surface. 

Analyt.icel approxt.ation. ,bir~ are conaistent with such -.piri

cal data a. are avaiJabl. are dev'lloped in Ref. 3-5 with which 

o'~rpre.s~e-t~ bi.tories on ~ qround due to air burats e4n 

be c.lcu:..ted. 'i'b •• e .xpr: .. 'Jiona are s~i __ '! in T.u,l~ J-l. 

While t.h. e.xprllt:..iona in Table 3-) -::;,. r4HI.d'1y 

adiOFtahle to ~ute1 aolution, they are quit. f o X"I"..J. (\ab 11: for 

han4 c:aleulatiorus. Fi9Ul"e. l-!f and 3-17 which I..how ov .. rpre ... u". 

po.dot; _ pha •• duret10n ao4 oftJ:preaaure po_~.c~v .... .,: ... ::!!' llDJml •• , 

~e.pect.iv.ly. aa functions of ROB can be ",i ~i3ed tor cny.l<.. •• -

ttaatea of overpr .. sure-tiae hi.tori.a, With the peat ovo~prea

sur. free Fig. 3-13. )-14 or 3-15 al'A the dl.OIadon fr'- "~-;;. ~-:o.;;, 

• ti_ h 4at.ory can be approxiJMt.t'<l wJt:b th .. a1.d of Fio- ";_7 

AlurlWtively. ~JUival.ent tri.~9Ul.r repr ••• ntAtions of the over

~r ••• ur.-ti .. h:story can ~4 constructed a. d .. cri~bd in para

Cjrapn J. 4 .4. Wh.m other \.han prelirAinary •• H .... t.tiJ! are required, 

and partiClllar1y at biWber overpres.ur.a, the proced.u-.s devel

oped in ltef. 3'~S .hould be utUhed. 

It ia eutt..~ th.t overpre •• ure. froa air burata 

can be predicted with rougbly the .... preci30ion •• frOl!ll .urf.ce 

bursts, i •••• ~itbin a factor of two for peak oyerpr..~.u:e at. a 

CJiven ranq. and roughly :!O percent foo: ran9. to • 9'ive~ pe.,k 

ovet~re •• ur.. It 1. iaportant ~ r...-ber in .c~lin9 808 ~ffecta 

thl t both the HOB al'd diatance frOlll grc.und aero 5tUSt be scaled. 

Tha'.:. ia, both U\. CJiven BOB and gro.md rang_ .Wlt be aca1ed to 

lkT (4.18.X.O U j, to obtain the c')1:respondln~l buxet conditione 

ir. f'i9S. 3-13 thrcl«)h 3-17. Altet"nativoely, Ole !tOl' and ground. 

range leca f!,g •. 3-13 througb 3-17 correspun!!inCj to the phel\OIIfIn& 

of interest arc scaled to the given yield. 
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Table 3-1 

O\'ERPRESSURE-TlME HISTO!.t ON THE Gi •. wliO PJtClot 1.IR BURSTS (lte!. 3-5) 

Overpressure-tiftle analytical approximation: 

pet) • P(P,z) [1 + £(p) .] lap(t,t ,W) + n-a;Plt,t
ll

,2W>] pal 
1+0.4/z a 

(1) 

in which 

z • y/x 

y • heiqht of burst 

x • horizontal ranqe to .hGc~ front 

a • 
(2) 

V pal ( 3) 

in which 

msec (4 ) 

() 



V' ., 

( 

',Cll.1e l-l OVERPRESSt'IU:-1'IM£ HIS'!'ORY ON THE Gil IU~!,! tkOM A.IR RtJRS'l"S (Ret. 1- 51 ! C':lnt. ) 
\ 

with 

". r. yield 1n kT 

R - ;;r-::;r in kilot •• t 

Solve EQ. 4 wit~ W. W for t. (W) and with W. lW for t. (~_). Then find 

fur x ~ y 

for lIf > Y 

'20,)5ON + 15,515W2/3t~ + 330.)Wl/lt' ... ~ 
,.S4wz73 + 491.9W1/ Jt. + t! 

w2!J + G,i7lSWlllt + 0.00481lt2 

V • -;;vr; 1. 8816Wi/lt '. O. 02161~ 

(5) 

(7) 

For. the initi.l atep, t • t ••• deterlftlned fro. &C,' 5. In aucc"~inq .tepa, incr-.nt 
the horizontal ranqe, X; find t.h~ new .lant raftge, kl rec~ute t. • t with lq. 5. All 
eapr ••• iona lnvolvinq R, t and II are r~uted w~th •• ch lncr..ent of x. 

~O~I~(t,t.2M)' 

s ..... the preced~n9, Le., Eq. 3. with w • 2M. 

!,uneticn H(p,a): 

kPl. 5 
H(P,z) • 1 + Ir. + ". ~ + 

C+p 
(8) 

Table 3-1 OVERPRESSURE-TIME HISTORY Off '!'HE GROUII'D PROM AIR BURSTS (bf. 3-5) (cant.) 

in wien 

A • ~743(l.136-I)ZZ _ 0.0257z6 

1.~44~16 O.OC'4J5+%1~ 

1 

C -[1 + !~z-O~225t ... 'J!!..~J 
0.148+a~ 0.'05+z' 

p _ l.SIW + 5.40'"12 + 0.0215 psi -;r R 

, . 
! • 

2.07%2 + 221,25%8 

0.00125+0.0146.2 •• ' ~~--

17,650.2 
40,000 - -

0.235 •• 6 

(9) 

(10) 

(ll) 

(12) 

(13) 

(14) 

(15) 



3.:> DVtlAIClC PRESSURE 

3.3.1 Peck Pynaaic Pre •• ure 

~e aoat 1e.tructive eff.ct.. of a bl.st w~ye ar. 

;ener.~ly d~. to tnG overpre.sure; novevec. in SODe ca~.a. the 

drag forces a.soc1.t~~ wj~ the .trong transient wind. behin~ 

the s~.;Jt front can be of qcellter .igr,i fieance. In p.rtlcv . .i..ac. 

•• :JIae atructure geQaletrl'!~ are described <liS drag aenaiti'/e!: 

be.:all~e they !"iiir quickly env.10~ by the bIas· vave and tran.l~

wr!' !:urcea are pr.i'!"~ ... ly a result of drag forces act..!.r>q en tht: 

:.cruc~u=... ~ •• e drag forces are a function of the si;;:e and 

•. ',ape ot the "tructure .nO til.: peek value of taa dyn .... c pressurt .. 

Dyoaalc pre.sure. q. ia ~r~s.ure which results 

~rOll ';.he till •• air flow C;.1ind).be.'lind the shock front. It is 

proportiof.al t.o the squ'H"e of t.he wind v~locity and to the densit.y 

of the air behind the =~Qck front. Onder ideal COnditions, both 

the vi:'d velocity, u, and the .lir density, p, are related \:.0 th4! 

overpre:ullre a. follows (a.alDing an ideal 9a.) 

and 

u .. .. ~..£ --- 0 12 Sf' [c ] 
7p c,. il + 6P so/7P J 

r 7 + 6P 'P] 
Q • Q l so' .0 

o 7 + P &CIP 0 

( 3-7) 

( 3-8) 

~er. Co ia the aabient air d~n.1ty. Th~ dyn .. ic ~res.YIe, q, 

:L .. "ivel1 by 

1 2 
q - ! p u (J-9) 

IntrOducl .... q ApprCl=Ic:.s.:e RAn1tine-Hugoniot conditioi" ba.ed on 

.... , "nerc;ry. and ~;r.t'.Il':ua con.ervAt) ')n. t.he peak dyn&a1c 

;?J:t!I!";suce, qo' ia 
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5 
qo • "2 

p2 
so 

,,---:;:-p .0 o 
( 3-10) 

Fiqur~ 3-1' shows the var~ation of peak cyn4al~ 

pre •• ure with peak ov~~pr ••• ure at sea l~vel. r.q-~tion 3-10. 

which i. be.aed on ideal ~.~ condi t1ons, agree!l ceA.ollah1)· "'ell 

with 1"1q. )-18 up to overpr"s:Jures of ;:!.c .. t 100(' pf.\i (689 ",/ 

cm2). The curve in Fig. 3-18 r~pr~8ent8 more reallstic bghavior 

of the air at ht')her pre •• ure'l ane t"mptratJrcs. ~lther Eq . 

3-10 nor Fig. 3-1il considers the effClct of nonlo;41 cundli:ions 

.uch aa the IUS. of dust and det.rls piCk.ed up Ly the blast wave 

on dynaaic pre •• ures. l'he latter effect can be fH<wiflCicr,t 

over du.ty surfaces and ca;, result 1n h:9her dyn~IT'l--: presllures 

due to the increa,ed air danslty. 

5i~ce dynamic pr€.sure is directly r~latable to 

overprea.ure •• indicated by the a!x;vE: ':<OU4tiOf1"i. 1\'. would b'I" 

expected that peak dyn4Jllic pres.uHs cculd t,e predlc~ed with 

the 3&11le ordet" of precision (II'! overpces.;sU.L~ even t.'lol.gh tl'.f: 

po.sibilit.y of du.t. bet:-,." picked ur- by the b.i.4St wav .. ! c.;;.;ld have 

IIIOre ~f':c.;:t on the dynamiC pressure. In gener",l, It lS estilllated 

that peak dyniUlli;,: pressure at a givf'..ll Cltnqe will N~ c"' .. lallle 

within a factor of tva and the pnadicted range 0.' whid a given 

dyn&Jll.i.c pressure wi 11 occur ro.!liable wi thin 25 p,,::··cent. 

3.3.2 rime ot Arrival, Du.rat.io~.:!.....!s:..'?_: .. ~ .. ~ 

The dynAlllic ?res"·Jre time of a,r ... val .s conslderec 

to be the 54ll1e .a that of t.he peak ::.,yerpresaure ·::I1S ;;\.:58td 

earlier. The dynAmic preSS';!l'e polf:.tlve ph.1HE: duration. t u ' and 

positive phase impulse, I
u

' are shown alt f'·l·1C t_ir- r s of po:ak 

ov .. rpreal'luce from a lJ..T (4.134 x lol"j) BUllaee bUll!lt ir, Fig. 

3-19. V~Jues ot th~*e param~ter. fur oth~T yielcs car. be 

obtained by cube-revt 8caiinq. 
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1.3.3 VU1;at.icn of "'r:.!!.-~r,!!.I .. .::!!.!....!!!.~ 

As wi~~ overpre.sure. ~ 1~~ay cf the dyn~.c 

pre.aure with t~~ can b~ exrr~ •• ed ir an exponential fora as 

foll~o (Ket. )-lj 

q(tl 

where 
III ., 

~(l-w)2 (de-5w + re-tw) 

t- -t a 
~ 

(~ OJ 

(3-11) 

.uld d, f, 6 .... d • are ~1ver. in f 19. 3-20. Figure 3-20 ai.,v "~iv"lf 

til'" flaw Nai""!;, nUllOber iJaedia\:ely behind the shock front. The 

Koch naaber i. the ratio uf the ~ind velocity to the loc.l ~peed 

or sound. Figure 3-.L pre.ents a aeries of curves of no~alized 
dy.).U\ic presure •• a functiv:.'l of th. noraali.;eod tine, thedme 

beinq !loraaliaad with respect to the dur .... ion of tl:e positive 
~ha5e ot the dynaaic pressure. 

3.3.1 Qxn!!ic Pr~ •• ur~·Tiae Appro~iaatior.. 

Ae ion the cas. '::of peak overpre •• ure, it is aore 

convenient ~~r r.pid reaponse calculations to use an ~quiv~!~u~ 

trianqular pulse '.0 represent the ac~'!e! uyruaaic pressure-time 

curve. Three ~:!!~_~ent durations, t'i' tloo' and t'so' having 
the .... siqnificanoe •• thocc doscribed in paragraph 3.2.4, ar~ 

uced. F1qure ~-22 s~. ~~e v4=ia~ion of eacn of tnese factors 

wit~ p.ak ~~el~rea6ur. for a L~T (4.184 x 1015 j) surface 

bur.t. AltJlflo 'l':in the effective duration. are .~ as a functio,_ 
of ~"k overpr"!.fs,-re in Fig. 3-22, the peak dynaaic pressure is 

u.3d .. the init1al valu8 of the equivalent triangular pulse. 
Va h'e. f.or ot.h::.r ~i.ld. of intereat can be obtained t;y scalirg 

t'!"a\:& f;:~ II'1q. J-;U. 

3.3.5 Effect of He.g~t of Burst 

TIe' height of bl.:rf.t affect. the variation of peak 
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J}"naaic Fr .. aure .. lth qrotmd n.nge .. Vaa fcw"! t.o be thtl 

(,'# •• 6 with peAk overpr .. aure. I'iqurea 3-23 and 3-24 ahow th,,; 

~·r iaon>Al OCIIIlp<)l'leRt. :)f pe.ak dY'laaie; pre.aure on t:be qround 
aur:.ce as a func~ion of bur.t hei9h~ and ground ranqe for lkT 

12 (4 1~4 x 10 j). In order t.o use th~8e figurea for other 

",,"",'01\ 11e118, t~ •• .;:~':.al beight of burst arod qro.md ranqe auat 

Oe :KaLeu to lk'l' u.irq the cube root acaling relationship of 

Z~. 3-1. 'rhe d&sbed pcxtione 0f the curve. in Fig. 3-24 abo" 

alight differancaa be~n ideal and real ref1ec~ing surfaces. 

s..n larger cl! fter.-ncea "',cur :\nder pr..curaor oondi tiona. 

Precuraor ¥ltve. are diecussed in paragraph 3.4. 

The effect of beight of burat on dyn~ic pressure 

duratio~a i. shewn in Piq. 3-16. Estiaation of dy~ic preS8ure

ti.. hi~torie. on the a~~face due to air burats can be accom
pli.hed along ~he linea ovtlin~ earlier for overpre68ure. 

DynAaic pr ... ura-tLae biatories frca air burat. can be even more 

uncertain ~~n ovarFcea.ure-tUae biatorie~ aince lea8 data are 

aVAi lab1e on dyu&Rli<.~ pre •• uraa. 

3 • 4 pRBCtJ:'.5OR:tor .tEeTS 

3.4.1 Ceneral 

The di6~as~on of airblaat phenomena in preceding 

paragraph. h~5 been ba.ed priaarily on the a •• ~tion that the 
only etfsct the earth auzface has on the blaEt wave is to act 

•• an idel,lized reflecting aurface. Th. rt.ngea of uncertainty 

in preCiir;ted valuea ~tioned previously repre6ent an effort to 

take ac~~unt of the affeeta the a~i-in:!nite po8~ible combina

tions of au.osphe_'ic con·11tiollS, act.u.al qrou.'\d surfacer" \L'1even 

terr<.ir., .~c., aight bave on the airbl •• t phenel.ena .")!:edicted 

for a ~.!lrt1cuJar prt)!)l_ of int'!rest. In addition t:.o these 

uncertah~ti", th ... ·• 1. another ph.IlOIDGnOn, the pre(';\.'("scr, 

which can furLh.~ effect t~. prediction of airblast par~~eters. 
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'~~ ~ 

If the inten.e thermal radiatio" from ilk nl!"!lear 

detonation il'llpingea C'a a heat absorbing aurface. A hot theI'Jalll 

leyer is formed r.c .. r the surface. Since the tner.Aal radiation 

propagates foster than the e1rbla.t, thie hot. layer is formed 

ah.ad of the blast wave. The Sh:iCk propagatiGn ve'ocity in 

this hot layer ia higher then t~ .t in the IUlheat.e..t air, and 

Wider the right combination of weapon yield, h\;light of burat 

end Burface condjtions, an auxiliary blast wave c~lltld a 

precuraor may propagate ahead of the ~~1n ~~o~k. The develop

aont of .. precursor uaually resu!". in lower peak o"erpre.surec, 

increased ris. time. to pe~k over?re.sYre, and increased dynamic 

pre.survs. The inc1e •• ed dynamic pr~:'r.IU". can be attribut01$d to 

h~gher particle veloclti.~ and/or gceater air densities due to 

dust end other debris picked up ~y the blast wave A2 it pas.ea 

over the ground surface • 

3.4.2 rrecur.o~ Formation 

FJrlI'ation of a precursor i-- not to be f"xpected 

with a high air burst or over nonduaty ~Id heat-reflectin9 

surfaces such as anow, ice, or water. Precursors are likely to 

'i:)cc.'iir' ovel: dry soil, .and or other similar lliur faces. They are 

les. 11kely to occur aa the height of burst increases or at over

pressure levela lea. than about 10 pai (6.89 N/cm2). 

T1'I'lre t:re several characteristic wavE." shapes which 

have been used to de.;cribe prec1.1rsor eiiects. a.nd various 

procedures have been developed for predi~tin9 the occurrence 

of these wave shapea. Figure 3-25 shows one method for predic

t.ion of the formatifln of precurso .. s for various combinations of 

c.eight of bu :st and ground range. Also shown are typical wave

forma for the overpressura pulse in the \far.io.ls regions. The 

~1pe I and V wavefonns are the normal single ~aak VAriety as 

shown in Fig. 3-3. The Types II, III and IV are characLdrized 

by doubl3 peaks; tte initial peak is of SIDGller magnitude than 

the second. As nOLed in Flg. 3-25, Type II, In iUld IV waveforma 

7,; 
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are con3idered typ1~al of the precursor zone. For those combina-
tions of height of bur~t and ground range t~lling outsid~ of the 
.haded area of Fig. 3-25, precursors are not expected to occur. 
The ground ranges and h(,ight.~ of burst in :'lg. 3-25 can be 
.calad to other weapon yields by cube root scaling_ .1-'igl.'re 3-26 
abow. the effect of weapon yield and height of burst on precursor 
forHultion. In the .:.l>sence of better 9 uidanc..:', it can be assumed 
that the curves sho~~ in Fig. 3-26 Can be eAlend~d to include 
larger yield weapons ",i th c:onsi'jerable ;;,,1c~rlainty . 

3.4.3 Overpreisure and Dl'narui~,~!ll~~: d..!.~ction 

When the ground surface ~ondi t.ions, hclght of b\.trst 
.'ld ground rallge are 8.Jc:b that lJrecu.cso:c for .. l.:'tivn is orpo; ('~Gd 
by Fig . 3-25 or 3-26, F)9 ii ; . 3-~"': t:u-o"c:;h ? 30 caL be tlsed ":or 
prediction of peak value·s of the fc",<:.-t de ai.rblaclt ph",no!Y,,:mLi. 
All. distances and time,~ It.Ust be sCi'!.led t.o or 1'J»::t lk'I (4.18-4 Yo 
1012 J ) to use these figures. The solid per tior.::: of the curves 
in Figs. )-:'7 through 3-30 are based on lar·;ll. IScaJ.e Lest d:ita; 
the dotted and da~hcd paccione are from the.;~ry and sma.ll scalf'. 
teAts. The shaded ar~as of Figs. 3-27 and j-2e represent 
regions of even q~eater unce~tainty. Peak pressures, along 
Wl.th tl.:ne histories, can aiso be estimate.:; i',S outlined in 
follow~n1 paragraphs. 

As n~ted e~rlier, there can be s~gnificant changeti 
in the Chllracter of the airblast 10Iave in pre,,'ll!:-sor regl.ons. :t 
is extremelr difficult to predict, with any dp~Jre;; of confidence, 
the time variation of either overi'reesure Or ,iynamic press" .. e. 
Reference 3-{; de!Jcribes t;iO pr~;jiction teci"[ll.ques but notes 
significant differ~lce betwee~ pre~ict;d and measured vaJups. 
One technique ia more generall, applic .. b1e theW to:'.: other and 
i8 included here fOor those cases where a more Jet;';; ,.d descrip-
t.ion of \:he precursor airbla&t phenomena is "";::,,,,ssdry. 

Th~ procedure aGP~mes three different overpressure 
wavefor-.s depending upon the ground ::ange and h€ight of bur&t. 
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'fbe three .. v.tonaa are abown ill Pig. l-ll alo09 ,d.th a t~le 

~"dncJ t.he eource of 1Afonlation requir.4 to Adin. the 

critical point.. i"h. we"'~OZ'a CaD98 COI:r .. p0a4ing t.., a particu

lar ~lnatiOft of eoaled Mi9ht of thi.:~t aDd "roun4 .'!'&ft". 18 

<Ioeterai,-.0;4 'rca Pi;. 1-32. 'rba r&DCJtl of the ... -~fora \fill 

"ate&1Uneo v1Uch of 'the par_tara .hown 1n Pi". 3-11 .:" nec.;,.

.. ry to 4.ecriba tbe overpr •• aura ... ~.. ID dwt ca .. of t M 'low 

ranqa. lor exacpl •• 1t .ou.ld DOt be nece ... ry to 4.t~rain. Pi' 

p)' p)a' t l , t3 or t3a o IIDt that p. is alvay. the .. xl_~w.r

pre • .ure regardl ••• of t.be .... f-?ra &nil that it 1. obuiDed fro. 

rii. 3-35. All tt... in the fi~· •• a~a tt.e. aftee datonation. 

ror _&llpla, .;;..be ri,,~ tiM to peak overpre •• w:a for the low 

raAlJ'. f<.ra is qiva" by t. - ta' t'he coefficleat kp frpa Fig. 

3~1' i. u .. ;a abt'l\rn in Piq. 1-11 t' ( .... ecriM tM decay ot ov.r

P~"\U'e aftar reaching the peak .a:u.·, p." In the h1;h ranq. 

<"i'l.!.:;, r3a ...-ad P3 are u!o:en equal to 1 p.l (O.t~llt lI/ca
2
). 

~ dynaaic p.. ....... U'. ~tt.. CIttVS for the pr.'::1d'aor 

region i. c~taiAe4 ~.ing a ~~ur. stailer to that u.~ for 

overpre •• ure. t'be 4ynaaic pr •• aw. ...... ave lora will be .i .. Uar to 

that obt&J.lMIIIS fo. the OYerpr •• aur.. t'be 9aneral .... fora for 

the ~~aor 4~.ic p~e.aur. pul •• 1a ahown in Fiq. 3-39 

al-;..n9 "it.h a table Fhowint.:,' the aourc. of lnformat ·,on for deter

ai~ift9 tM critical points. lIote the corre.pondenee bot:.veen 

certdn ti1ae. 1A the ..N8rpre •• ure an4 dynaaic pre •• ure w.vaa. 

U in the CMe of the overprec.ure. o:-\ly tho .. valu •• MC •••• Uy 

to d.fine the _".t:.;;x:a of inter •• t are ueed. !'be dynudc 

pzf: •• u.reg '11" Q2" Ci3' and q., are obtainec1 a£ indicated in the 
table of ,.i9- 3-39. The quantity ou2/2 ia obtained t~ ~.:!e 
RanklDe-Bugoniot relationahip between dz~~~ p~ ••• ure and 

overpre •• ure ahown 1" Piq. 3-40. 'rile .ubscript. in~h.cate which 
ovarpre.llltlre 'ValUe ia u~ in deteraining Pu2/2. Per exaaple. ., 
in calcul .. tiD~ <I)" l>,u .. ··/2 i. taken eqtl&1 to the R:U1"1".-

K\lc.;,Orict C!)'Nlaic pre •• ur. for an overpre •• ur. P4' The ault1-

pliers a and C are obtained frca F19- 3-41. The 4ynaaic pre5-

aura decay factor. kq • i. obtained frca Pig- 3-38. 
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GrOWlld R&nge, _tara 

o lo( 200 
~ --~--~ -r--I '~----'------~-1 

'~~ aT - '.1 ... 

60 
(,j 

~~ '''1 / ~ I \ 

':LL~_L I \ I 
C 2')0 400 60<) 800 1000 120c 

Ground ~nq.. t •• t 

fl9Ur. 3-.2 Pcer.'.1r.or l:ly ..... ic PreSal1l.; Tiln •• tc,-t,. V5. 
Ground Pftnq. for a lkT du:.t (Pef. J-6) 

u 

In view ot the large number of va1iables inv0~v~! 

4nC! th~ limited data f!.vailable, predictl,')n of precursor ef~ecc8 

is eve~ more uncertain than that of ti.e ~Ie clas~ical 31y.olast 

wAvefortns. It is t:3timated thAt predicted pI'eCUHiOI p<:al< 

pres.ur"s CAn varl hy .J factor of three or four and [iL'ges by 

50 rercent. 

3.5 ILLUSTRATIVE EXAMPLES 

3.5.1 P:cedictior. of Ground Range alu\ 'l'.IT"· I 

aspc-crrr€:i Over?re~£''',J.:.':.i.~>! --. », -, 

1 t, 

a. GIV!.N. A lMl (4. 1 ,'~ X If': 5 j : ),,\11'; f' l'llI!"t 

over an ideal surface. 

b. FIND: 1'h€ groUT"i r'itn<;,e at .... h,.en a c<lf over-

pre!lsure of 1000 psi (669 N/cr.J) "'1.11 OCCUI' and tll' ,llT" ot 

Arrival of the blast ",/lve at t-~.J.s locatlolL 

c. SOLUTION: 

H) From t-'iq. 1-4 for il IMT surface burst, 

1000 psi peak overpr~ .. sure occurs at. a gC<"l,nd HInge of 1 ,00 

feet (689 N/c~2 at 457 m). 

(2) From Fig. 3-5, the tilOO of arnval of the 

shock front is roughly 0.07 secondo 

l.5 .... Defi"lltio:' ..,f Airblast. i'hcnomena at a ~";lfH~d 
~rOu~Ru.£l~- -------,----------.. , .. _- .---

&. :irVEN' j··,l (4.184 x lOl~j) surfi'lce b1.~rst 
over an iaeal ~ur~ace. 

b. FIND: Pertinent positive ph:'!se free 'f ll~ld 

('verpressJrc and dynall'ic pre~sure paramet:ars at d ·:;1,)...;11. 

range of 1500 feet (457 m) . 

c. 

N/CI"", and ta 

5ULOTICN: 

(1) from e~~~ple 3.5.1, P_ = lOJO PSi 168 A 
.. ;:> 

'" 0.07 second. 

90 



(2) For an ideal eurtac., the peak dyn .. ic 
rea.~. tra. ri9. 3-18 corree~n4ing to 1000 p.i (68t N/ea2 , 

overpr •• sur\ ~a 2800 pai (1930 N/ea2 ). 

(3) Fra. rig. 3-11. to". ahock front ~.locity 
at • peak overprea.ur. of 1000 pai (689 N/eal ) ill 8400 It/.ec 

(2:'0\'/ aI.ee\. 

(4) Pra. Fi9. 3-5, the ov.rpre$aul. po.it.~ve 
pha •• duration, t , 1. 1.2 .econd. and tn. ov.rpr ••• ur. iapul •• , 

a 2 
It ia 56 pai-sec (lS.6 M-:.c/~ ). 

(5) Fro. rig. 3-19, the dynaaic pr ••• ur. 
posit,ivA pha •• duration, t u ' i8 2.4 aec and t~ clyru&a1c pr ••• ure 

iapu~a. i. 2S pai-aec ~17.2 N-a.c/cal ). 

(6) The vu'iaUon of ov.rpr.a.',r. w1th tia. ia 

'liven by Eq, 3-4 with con.ta·lt. taken frail rig. 3-6 for p.o equal 

to 1000 pai (689 N/~21 . 
-aT -YT 

p(t) _ P (l-y) (ae-cr + be + C8 ) 
ao 

p(t) - P
ao 

(1_T)(~.l·,.-2,'T + 0.30 ~-21T + ~.5S.-1JOT) 

t* -t 
t - --.. -&-

'0 

t* -0.01 ~er~ t~ ia ~.ured froa the 
--r:~ ~.lV- of 4.t.onatio", 

(7, The variation of dyn~ic preaaure with 

time is de.cri,lled b" £G. 3-11 with con.tllnta fro. PiC;. :;-20 tor 

qo - 2'00 r,d (l910 li/aa
2
). 

c; (t) • qo (1·· .. ,2 {d.e -6w + f. - •• ) 

q(t} - qu (1-111)2 (O.l2e-150w + 0.t8e-36C~) 

'" . t* -t 
a 
~ 

11 

III • 
t.. -0.07 
-l~ 

wh.re t* 1 ..... ur~Q tr.~ th. 
tt.e of 4etouation 

(il '!'h. ov.rpr ••• ur. and dynaaic pre •• ur. 

potaitiv. pha •• U .. hiatori .. 4eacr"'bed analytically in Steps (6) 

and (7) above CAn ~ utiliaed for .. chin. calcul~t10n.. Th. tt.d 

hiutori .. can alao De co,nstructed graphically witlt · .. he al.d -:;,f 

r1gs. 3-7 and 3-21. Table 3-1 i11uatrat •• the a&nn~r in which 
the noraaHa.4 pr ••• ur.-tiIM curv •• acfO util1a .. ~ to construct 

the ov.rpr •• aure enol ISynaaic pr •• aur. ti .. hi.torie:ll "hown in 
1'1ga. 3-43 anC: 3-44. Equival.nt triangular repr.aelil:.ationao of 

th. ti_ biat-.oriea are alao ahown on rig.. 3-43 and 3-44. 

3.S.) Prediction of P~ak ~v.rpr ••• ur. on t~e ~round for 
• spedrr .. TAlr lturCit -----. 

•• GIVEN: A LMT (4.184 x l01S j ) detonAtion at • 

height of 1000 t •• t (105 .) above An id .. l .urf.ce. 

b. PI~D: P.ak ov.rpl· ••• ur. on tb ... urta~ .. at .. 

9round rang. of &000 f.et (121' .). 

c. SOL~IOlh 

(1) Sinc. tbe air burat curve. are b&jed on , 

weapon yield of lkT (C.l@4 a 10 l1
J ), the height ~f burst and 

9round range au.t be acaled down to lkT. T~c ~uivaltint HOD for 
lkT 1. 

r" ] 1/3 
BOB • BOB1L=1 

r 1 ] 1/3 
BOB - 1,000 L 1000 

ROB • 1~0 ft - 30.5 a 

(2) Tt,. equi"elent r&nqe for 1k'l' ;. 

[
If J 1/3 

,. - Rl "l 
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'fable 3-2 

-YA.LlJ&I roa ''''IUII-'fIa Bll'l'OUU 011 .!ou ... '-U MID )-.. 

. -
Onrprea8ue, to • 1.2 He IrJa.1o l'I'Me""', t .. • 2.4 Me 

-
t./t" I pIP 80 t P f' tit\) q/Clo t • 

q ~ .. ,.1 111_2 .. I ..,.1 "1_2 . 
0 1.0 0 1000 .. , 0 1·1 0 ateO lllf} 

0.001 O.U '.0012 130 'U 0.001 0.75 0.0024 210t 144. 

0.005 0.70 O.Ot, 
I 

700 413 O.OOl 0.44 '.0072 un ,,~ 

'.~1 0.54 0.012 540 J72 O.0~5 0.165 O.OU 742 Sl~ 

0:01 (1.375 ".024 115 251 0.007 O.US O.i.~l" .'2 nl 
~ .'~ 

0.04 0.25.' 0.0" nl u. O.~l ~.4)!. o.o.!, 25: 174 

0.05 t).225 ~." 225 155 O.G15 0.U5 O.03t'\ ,. 
" 

0.10 O.UI 0.12 U. tS 0.12 0.015 •• CU. 42 Jt 

T "'"". Sf!C, 

Figure )-43 Cver~r •• sure·Ti~ History for F.xample l.S,} 
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o .J.01 0.(\2 0.0) 0.04 o.os 
Ti ••••• c 

Figur. 3-44 Dy.l .. ic Pr ... ur.-Ti_ Hhtory for Exsapla ).5.2 
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1 1/) 
• • '.000 (rtoO] 

• - 400 ft - III a 

() Frcad lriCJ. 3-15 for If - 1kT, HOB - 1(\0 ft 
and ••• O~ ft, the peak ov.;:pr ••• ura i • ..tIout Il pai (57 N/ca2 ). 

1.5.4 PPft2ition of hirbl •• t Phtnp!!nf 19 the Precuraor 
~"".on 

•• ~IVBM. An f~ (33.5 x 1015j) d.tonation at • 

helCJbt of 10,000 feet (lCS( .) 4buve ~ 4y.ty .urf.ce. 

h. PIIID. PertiJMIDt. positive pha .. free-t iald 

~.rpr_ • .ur. and 4~c pr •• ~ur. ~~ ... t.r •• t • CJround r.nqa 

of 1000 f .. t (l431.). 

c. SOLUTla.. 

(1) Scal. the 91v.n condl~lon~ to IkT (4.I't x 
lO12 j ) • 

BOB [tf r/3 a 0081 W\ 

BOB [ 1 yo a 10,000 1m" 

BOB a SOO ft • 152 ~ 

II [W til 
- -I il 

II [ 1 til .. 8000 ~ 

R - 400 ft - 122 • 

El~terinCJ .1tbar riq. 3-25 or 3-26 with th ••• valu". o{ 9)-ou."1d 

ranCJ8 and beiibt of burst indicata. that « precur.or can be 

expect&ci t.o fora. 
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--

(2) !be .1 .. ~ rang. foe • 1tT (4.1'. ~ 10 j; 

a.r.a4 t!ie 9 i..., conditio". 1a 

1/2 
$lant. ....... [(500)2 + (400. 2] 

Slan~ Bange. 640 f~ .. US • 

P'~~ PSg_ 3-36. t.:M ti ... of udvel .. :'.' fo&' • lIt'f bu'~ 18 U5 

... ~. For the gi~ bur.~ (&NT • 33.~ • 1015 j ), 

~. • 115 [!f!!] 11l 

t. • 2.30 eec 

(3) Jrnt.er P1-;. )-)2 vitJa an 1108 of Set f~ 

i152 III .u • 9CG,JIId r ..... of 4~O ft (12.1 ,,~ aM find ~) • 220 

.. tIC 1n the int.e~-•• Uat.e w.wfora &'aJl9I. Po&' tb~ 91ven b\I.H~, 

t. • 3 
220 [1000-,1/

3 

,-J 
t). 4.4" lMC 

PTa. Pi9. )-31, it. ia ..eD tba~ the following par ... tGr •• re 

n..-cI (;0 deliM t..be o.'Wp&'e •• uce 1nta~1ate r&nge .. ve'ona: 

• OV.rpr ... un. Pl' "3 an<! p. 

• Tl8a. t., ~l' t) and ~. 

fI Coa.t.an~ kp 

(4) P~ Fl J. 3-)3, Pi 110 11 pel (7.51 M/C.,z, 

fo&' the q1v~ condtt1~ ~~ ~ !t7 'C.184 • l012j). St.i1arly. 

p) • 1.5 pd <1.U3 .'oa2, .~, !=' ... 4t .. ~1 ("l.a ./ea2, frQla P1ga. 

3-3f $!~ 3-)5, r,-apecti~J'l. 

(~) Tta.. til and t) haft bfolm deta~in.d in 

Step_ '1; and (3; ~~~. Pro. ri9. )-)1, ~4 ria. tt.e, ~l - t a , 

_cel~ to ltT t,., .tlout 17 Mec. Por t-h. ';flvf'm conditiona, 
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~,p;-t',.:,..!t~{J.,..!!i'~ri"'.>:>>"Ii--····-' 

~l .. ~a • 11 [.!p!] 1/l 

~1 .. ~. • 0.14 • .c 

tl • 2.64 He 

Pro. the ~w.ie in rig. 3-31 for t.he int.erlMdlate range wAveforJl! 

.nd a 1k'f burat, 

t • t + 6.1/3 
4 3 

t4 • 4.40 + O.OO~(80GO)1/~ 

t4 • 4.52 •• c: 

i'l -1 
FrOID Fig. 3-38, kp(W) , .. 38 aec:.t: a aceled <jl.·ound lange of 

400 ft. (122 .). 

k. 38 
P (.;;Oo;m - 1.90 .ec-l 

The r •• ulting overpreaauxe-tiae hi.tory i •• hown in Fig. 3-.5. 

\5) The arrival ti .. for the dynaaic pre.aure 

pul •• 1a the .... Ati fur th.overpre.aure, i.e .• 2.30 aeconda. 

Th. r ... lnin<j par ... te~a needed to define the dynamic pressure

tiae biatory .rft 

• O)-na.aic pt: •• aurea ql" q2" Q3' And Q4' 

• Timea t l ,. ~2" t 1 , and t" 
. ~~~.~.~t. k . ~ and C 

c 

Certain prea.u~._ fr~~ the cor&ea~ndinq overpresaure-time 

hiatory vill alao be hedled to det.eraine the dyn~ic pressures. 

(I) Fro. the table in Fig- l ·39. 

,~. • tl 2.64 .ec 

~ !t tI' • 11 pal (7.~J N/ca2~ 
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• t ••• t. · '.52 .-c 

1 p at t" ... t pat (ll.a M/Cla ) 

The qu!~tit~ (t" - t 2,) 1a t~uA1 to be '6.5 •• ec frow Fig. 3-42, 
.i.lICoe t:be HOB .c.aled to lkT (4. U-' x l012j) ia gr •• ter d\&J1 4,10 
ft (12~ a). Por the given ~~it;Oft •• 

t" - t 2 , • u.s['OlotI3 

t" - t z' - O.!l aec 
t l , - 1.S9 a4IIC 

p at 1:2 , ~ 5.' pai :4.0 W/c.2) frOB Fig. l-4S 

t), - (t~, + t.,l/l 

t], - (l.~~ + 4.S2)/2 

t l , • 4.05 aec 

(8) 'r~ conatant. J: ;and C are needed to aetflr
aioe the 4~c pre • .ur •• a. in'i~.ted in the table of Plg. 3-39 . 
Froe Fig. 3-41, K • 12 .an4 C - 2.5 tor the acaled 9round 
rang. of 100 It (122 a), The qu&Jltitiell pu

2/2 are fO'md fcOlll 
Fi..,. 3-40 fo:: :c::r=:~~tn~ valu, •• of tIM oVerpr.ea""ure, e.g., 

~lUll/2 2 pai (1.'" a/cal, for p • 11 pd 

P2U/12 .. 0.5 pat {C.345 Ji/,: .. 2) fOT P wi S.' p.i 

~4U,/ /2 2 40.5 pai (27.t W/(a ) for p - .9 pai 

2 
ql' - 1t(f)lUl 12) 

ql' - 12(2) • 2' pat - \6.5 l/ea
2 

100 

""~~ 

"'-, 



-', 

...,I 

.~ .... ~. :;.-';'.'):I)...'v 

qz' • K'c 2\1;Z2/l) 

q., • ll(n.5l - .,~ ~.i • 4.11 lI/ga2 

1 q., .. ,,«u4 /2 

q.. .., 40. S pet .. 27.9 HI0til1 

q) ... C'q •• 

ql' .. (2.5) (.a.S) .. 101 pai .. ., •• ll/gal 

t"bi:! Va41.le of ~q (W) 1/1 for 4t scaled ~irou.nd ranc)e of 400 ft U12 1ft) 

free F1~. 3-38 i. aboQt 31 ~~-l. 

38 -1 
It .. --:-r7l .. t. '0 •• c 
q (8000J 

'l'h.e dynaa ... c pre •• ure-ti~ hiatory a. c1et..~.ine·.s above i. a.h.oWn in 
rig. l .. ,';. 

(9) It;'3 of iAte.r", .. t t.o .:oIIIPU- precuraor 

valu •• ~~rin~ fro. '19 •. 3-21 throuqh 3-~O with tho .. obtained 
in the pn·ce4ift9 _tepa. Tt •• peatt overpre •• ur-e froa Pig. 3-28 

for: the 9hoii" cundition. ia about 34 1,.1 !ll.« lI/ca2). T1wt peak 

dynaai.: r-r •• aur. frca Pig. :;-30 is e.t: ... tA.~ at about 75 pal 

(S~. 7 11/1:.2,. 'I'he scaled uverpre •• ure pueitlw pba .. duration 

'r~ 1'19 • . ~-2t i. about 0.19 .. cond, l!'or tt. given con4ition., 

'0 
O.19[!~ ]1/1 

to .. 3.80 .. c 

The .. VAlue. are whOwn on ~i9.. 3-45 aDd 3-46 for ~.tiY. 

purpose. and to i llu.trate the uncertai!\ties whicb vt:l be 

encounttlred .ln atte.ptinq tu prliJdir:t ail"bi..at pbenc.-n& in the 

precursor regi n. ..nen oonaidering a part.ieu1ar prui;;:'. of 
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intereat, it ia .unasted that the prediction. be Q64e with t.h" 

different ~~thod. ~d info~tion Available an4 t~e valuee west 

( n»ecvat~ve for the p~po~e at hand be .. lec~J. 
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AFSWC-TDR-62-6. Air Force Sp<p.cial W",apcr.s C~uter, 
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Brode, U.L., fteiqht Qf Burst Effecte at ~19h 
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&BC'TIOli IV 

CMftUJlG p~ 

4.1 Ift'IMlDlJC'I'IOII 

4.1.;' ~ .. nl 

'f.te cletorult.ion of a nucle~r weapon at or near 

the G&rth' •• urface vill produce a crat.er "0" Cause the ajec·· 

Uon ot 4 1arCja quant.i~ of ·'leMi.. Crat.erinq aut. ~ con

ai4u:ed iA the design and analy.ia of proulctiva atructura. 

81ace no .J!'t.ea can aw:vivw in the cratered rqion, an4 ajected 

debris deposited CiZl tha "round .UZ'face out.ide \:be crater ... y 

iAte:-ftl.."- vl".h the opeEat.ion of expoaed cy.t. ... and cc::.ponenta. 

In a4dit.lola, diacrat.e ajecte ai •• U .. (either roclta (;or aarth 

clodlli) C&D "-ga INZfaca str\lC'tUZ'a. and COJDporunta at. con

aict.rabla 4iat.ancea fna the detonation. :::ratariD9 i. alao 

an u.portant. considerat.ion in a.tiaatinCj ground .bock .ince 

cratar .olu.e corralatea vith near-aurface late-tt.e ground 

.otlona. 

'1'bi. liect.ion include. .~ c~ent. on crat.ar

ill9 aectulIli_. Prediction te2nlque-: ara given for obtain

~ nucl ~r .. 'ld bigh axplOtlive c&:-atcr d~.ion ... a function 

of y1ald. be~gbt. (or dept.h) of burat and geo1ocn (i.Mlw1ing 

layered ~.ologia.'. Prediction ~iqua. a~a alao given f~r 

ajecta tklckna •• di.tributiona, ajecta a1ze diatrib~tiona. 

ajecta. ataaUa iJlpact pr>babUitia •• and valocity of iJIIpacting 

ata.ilUl. Illuatrat.!" axaaplea at tha end of the •• ct.ion 

~nat.r.te tha u.. ot the prtt4iction technique •• 
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4.1.<1 Crate! Ter.inology 

Table 4-1 expla1rnt the .ymbols ilnu tera"!; u~ed 

in the part of thi •• ection dealing with craterinq phenomena. 

Figura 4-1 depict. an ide.lized crater cro •• section from a 

near-.urface eAPlo.ive burst and further clarifies aome ~f the 

teru ill Table '-1. Reterence. 4-1 to 4-4 provide ...ackqround 

_t.er!al for the reader. 

•• 1.1 Cr&terinq Mechanisms 

The factor. exerting the l1IOat influence ·-n c:a

ter foraation are a8 followj: 

a Height (or depth) of bur.t 

a Explo.ive source characteristics (yield, mass, shape 

and method of enerqy rele •• e) 

a Geoloqical structure (e.q., depth to bedrQck. depth e.o 

vater table, etc.) 

a "-tarial properties 

Fi9'Jra .-2 .bows aome idealized crater cro •• Hetion. frOltl 

nuclear bur.ta illaetr ting the dffect of HOB and DOB on cra

ter voluanes and craterinq mecian! •••• It A nuclear 01 HE 

bu) .• ta ia sufficiently hlgt. above the grolond ~\J.rf.ce. unly a 

ahall w coapressional crater is tormed and no ejecta is pro

du,:ed. Aa the t.eight of bur.t decreases. t~le crater vo '.ume 

incr.as~s and .n incl ••• ing fraction o! the crater is due 

to excavation dOd eject.:on of mater"al from the crater re

gion. ro~ opti.~ D08. nearly illl the excavated material lieb 

above the uUI:at point, and exctvat:.on j .. accomplished pr ima .. -

j.J 1 by to'l. expanding explosive gases ac:-:eleratiog th., crate.:erl 

IPAlterial over. rolatively long pt.:ric-d of time. For. deppl:.· 

buried bur.ta, and underground cavity is produced and there 

.ay be littla or no resulting surface expression. 
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'fable .-1 

CDnaIlIG 'fU:H8 AMD SYH8OL8 

AppU"Nl~ (%a~ - tha .ia1ble cra~ar, with ra4iua, <S.pt.h and 
voluae .... ~ed with r~t to ttw original ground .ur
f.~. 'l'Na c.r~ter dapth i. the dtl8F ... t part of tha crater 
.ACS oae4 rot bt; oo-... i.l with .urface ground aaro A 
a~l ~~~.4 uplif~, or .cund, i. frequently found in the 
~~ x.l part of the cr.t.r. 

SVf.ce (.cou.14 Sero - '4. interaaction of the .... rtic.l axis 
cont.a1nin9 the b.u:at point with tha origual ground aur
fac,.. 

Lip - Tha upthrlwt~ ground plua oval' lying ajecta blankat ex
tending frQa the apparent crater e4gd ~ut ~o a diatance 
of About 2 or 3 apparent cratar racSi', fr~ ground "1'0. 

Fallback, .QJp"~ lone, .! ... ~c Sone, El.atic lona - Pour in
tergradinq req10na in .n4 arou.,d the ~a'.reeS re9ion 
che.rllctariae4 by prO<Jr .. aivaly l •• a dl-.tortian of tho 
91:0und. ~ fallbJlC:k conaiata of .. tarial that wa. dia
a.aociat.e4 and eje<:te4 into the air during cratering and 
hu fallen back ir.to the cratar. In tha ruptura 3cne, 
the _ted .. l, whila a.varely fractured: =~ ... re4 .nd dia
plaC64, baa not been co.p1et.ly di •••• oci.teeS. Tha ma
tarial in tha rupture aOua will, ~rafor., pre •• rv. some 
f)f the 9Z~ •• =:t.ruc:tur.l and OQIaP08ition&ll f •• ture. that 
__ I' nave exieteeS befora the crateriilCJ toOo( placa. In tu. 
pl •• tie aOba, the .. teri~l i. peraanantly d~.plac.d, but 
in a .,.;e or le •• ~eneoue f •• hiOll. "!'tla pJ •• tic ~one 
qriloes into an -sla.'eic son.,· where no ae ... ur.bls PQr
Panent di.pl.caaent. occur. 

1'1''' ,';r.ter - '!'be cr.l:.IIlr defined b"' -.:;''1e .pproximate boundary 
between the f.llback .nd the rQplure zen_. 

Eject.. - The crater <S.bris that teU. outaide tha a~arant 
crate., the thickne •• noainally decreasin~ _ith increasing 
raD98 and v.~yln9 by .n order of aagnituda or .ore with 
.ziauth at • fixa1 r __ n~~. 

Ejecta Ki •• il •• - Indivi~ual eoil clod. or rock. thrown from 
tile cr.ter raq10n, .a.atiue. out to di.~~cs. ~eeding 
20 or 30 cr.ter radii. 

S,'rt.ee Burst - Center nf aJq"l.~ive ..... t the ground flurtace. 
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Tabla 4-1 (cont ) 

CR.~TERlliG TERMS Io.NlJ SYM.80LS 

T.ngent AboVe - .xplo •• ve re.tin9 
o~ly at one point (uaed pr 

ground .urfa~.. ~ouchi"g 
Lly f<;tolr sphel' ieal HE .ource.). 

Cont.&ct 8ur.t - Explo.ive davi ... "~.tin9 on ",rQur.d r,urtace 
(u.ed priaarily for nu,~l •• r bur.t.l. 

T.nge:at Below - Top of buri~ .xplosive flu.i. with 9l''lund aUJ:
f.ce (uaed priaarily for .pherical HE .oul:ces). 

Opti.ua DOe - Ths D08 where the .pparent crater vol~ i» ~ 
aaxiJt ... u. 

HE - High Explo.1ve. 

HE - Huclear Exploeive. 

H08 - Haic,;ht of bur .. t to center of ctu:rg. _ ••. 

D08 - Depth of bur.t to ,enter of <.;huge ..... 

SCI - Surf.ce ground aero. 

W - Explo.ive yi.ld. 

Vw' R., ~. - Vo1~, radius and depth, re.rJCt~vely of the 
apperent cr.t.er. 

Cr.tering Effici'-ncy - V./W .... a sure of the crat~cability 
uf a IIWIterial. 

~er9V D.nsity - Ra·io of explosive yield (in equival~~t TNT 
unit.) to ex"l~.).iv. vei'll'':. Tr.u., PJT ruoe ;,; .. e:l~r9Y d8n
.tty of one, b)' de-initic.r, in E:19!isb "ni .. s wraere bot.} 
yield and weiqht are expra •• ed in ton., 

A.pect Ratio - R./Da 
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The la~ diffe~nc. in energy den.lty (ratio 

of explosive yield to explosive .... ) between " ... and liE de

yices can cau.e substantial diff.r.nce~ in craterinq effi

ci.ncy (Va/W) and iT th .. relative i"lpOx·· .. mc. of various cra

urinq _chani ... bet,...n the two types of .ources. Airblast 

coapression of the qround is gene~.lly a more iaportant cra

terinq ~h.nia. vith ne.r-surface nuclear bursts th.n with 

near-surf.e. BE buret •• lthough au.ticient b~i.l of the nu

clear source c.u... the cr.terinq ph.noaenoloqy to be .t-ilar 

to that frca an HB llourco at the 8_ DOS. A tangent-above 

1 kiloton (4.184 x i012j) TNT det~n.t'~n (17 ft (5.2 .) HOB) 

will produce a largely ~xcavational crater, with eject. throw

out. A 1 kiloton ('.184 x 10:21) nuclear detonation .t the 

.... BOa vill pro4rce a p'~ely ca.pre •• ional crater, WLth no 

eject. for.-tion. The crater voluaea of the two cr.tera are 

lJ&pf!cted to diff.r by at leaat a f.ctor .:Jf 30. On the other 
. 12 

hand •• tenqent below 1 kiloton (4.184 X 10 j) TNT detona-

tion {ll ft (5.2 .) 008) should have. crater V01U3e within 

about a factor of two of a 1 kiloton (4.184 x 1012j) 17 ft 

(5.2 .) DOe nucl •• r detonation, and the crate ring .. chant ... 

for the bOO craters will be .aaentially the s.ute. In th3 

l.tter c •••• the qround surroundinq th. nuclear detondtion 

increases the effective .... of thtl' explosion and causes it 

to tranaait nearly aa auch enerq)' ,. ... the g!''lund frca the 

atandpoint of craterinq a. the TnT e~plosion. 

~ .. t.rial properties in the crater region 

influence the crater ~~lUDe primarily through their coapre.ai

bility and shear wtrength under dynsaic loading condition •• 

.ate~ content pl.ya a large role in determining shear atr.ngth, 

e~peci.lly in soil.. ~ large.t crater volumes are found in 

wet .oil., and the ... ileat cra~er volumes are found in rock. 

J~intin9 is an ~port4nt factor in determining the crater size 

i'l rock geologie.. G-.ologic '.ayering ia a rough indicator of 

tJl...; vari.tion of JUteri.l plopertie. with depth cand lI\uat be 

evaluated when predicting crater volu.ea. 

III 

4.2 CRA'fKR PREDI C'l' 1 ')If 

4.2.1 HE .nd Nuclear Test Data 

The crater (and ejecta) prediction methods des

cribitd in this .. nual are empirical, being primarily d'~rived 

fro. HE and nucle~r test data. Theoretical attempts to study 

craterin<J. while yielding valuable qualitative inf()fln.!;:ion, 

are not yet .ufficiently reliable to be used .s the basis of 

• prediction techniqu~. 

The aVAilable nuclear craterinq date:. ale sum

aarized in Table 4-2. The high :"i"ld dbove-auriact' nuclear 

cratering ~~r.t. ar~ ce.tricted to the P~cific atoll yeoio

':iies at Eniwetok and dil<.:in:.. Low yield nuclear craterlag 

bursts are ra'llt.ricted to desert allUVium an.d "ock at thEe' 

Nevada Tefft Site. Wit;!~ the exception of J1t};GI.E S, the.' NTS 

burst .. are buried. Because of the severe liJRi tations H, the 

nuclear cr.te~in9 data, many HE shot. have been conducted 

over the la.t 2S ye.r. to help auppl8j;lent .~ ~e nucleal d"Ul. 

HE yields r.nge frOlll le.a than a gram (9.8 x lO-3N) lc c:,oc 
ton. i •. 45 x lOiN). Burat 1~ation8 "ar} from below Opt:illlUlll 

dept.h of burial to stoveral cnarge radii above the gC0'.wd. Sl..lr

iace. HE bvrsta nave occured in a large range of sOll and 

rcx:.c geologies (somE=tL.u!. laj'ered) with varying wates: cont.ents. 

Figure 4-] shCMs an idf.Odlized crQSS se..:tlon at 

Eni .. etok Atell. A )cay featurf" is t.he horizontal variat lon 10 

the depths 1:0 various g£:>1ogi- layera. Since bur~ts c;:c ... z-red 

.10n9 the entire ceo •• section trom the reef plate to ba~qe~ 

in the lagoor .• the geoloc;ie. exercised durin<] craterlng va.ried 

ai9nifiC'.ntly between different shots. Many of th C'::dtEt"S 

breeched into the lagoon, reSUlting in possible water \lashing 

of the newly formed craters. 

4.2.2 Crater Volume Prediction Technique: lnmoqeneous 
~~logies 

Because of the cubstantial limitations and 
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H.iqht of 
f •• nt Yi·.lo 

e"rst IftJ 

.~AW'U: s; 1.2 itT + l.!. 

JANeL!: U l..2 itT - 17 

ft·.,p{1l' ESS 1..2 It'r - 417 

JOHN Ii IV::\, . ., itT - 1. 75 

l-EOAH 100 itT - 6)!. 

IVY MIn 10.4 NT • 10.0 

CAS'T/.,I; BRAVO 15 NT + 7 

O.8'fU !tOCti 1')0 !-.T + 9. J 

CACTUS 18 kT + l.u 

QA.I< 9,.,. + 6. S 

ItC.lA 1. 10 '"' + 3.0 

[,tJlfI I 1.311 NT ~ ·~.6 

'rr;vA ".6 NT + 12.1 

LAClt.)6S& )9.5 k,. . 8.:> 

SP;IHNOIs. 13.7 itT + 7.0 

OAjJHY BOY ... .2 ltT - 11(; 

SCHO''JW'Ilft II kT - 3S!> 

',:'MU/, I I)lZT 2.) itT - 171 

PM~nl 4.1 1(1' ,- 280 

Cr ,.1Y.rPlion f.ctors for 81 unita t 

1k'" • ".~114 •. 01 2) 

ltt • O. JOdI! 

, 
Table 4-2 

N'ICLEAR CJIA'1'ERltoiC EVENTS 

itadj,,,. flepth 1101 ... 

MwJi\. (ttl 1ft) (ttl) 

Alluvl. 4" 1'7 4.45 II 10" 

A11uV1,. 129 53 1.l2 II 10· 

AUuviua U6 ~ 
... 'A _ tn' 

"Uuvi. .. 1 30 I :::-:,~: 
"ll"vlU11 608 lH 1.8 II 10 

padfic "t("l1 G«Iloqy 3275 187 11 •• 4 II 
10

9 

Pacific Atoll Geol091 31.0 225 2.01 II 10' 

PacHic "tr,ll c;.O\OClY 538 75 1 ,5C • 10' 

P.cific Atoll G4t010fY 113 Jj .2 1.99 • 10
6 

P.C!.tlC Atoll G«I1oqy 3200 201 1.11 • 10' 

P.clhc Atoll ~lovy I 2310 171 •. 11. x 10' 

P.cific Atoll Geol09Y j.U5 113 • 1.04 • 10
8 

P.cific Atoll Ceoloqy 2160 129 7.63 II 10' 

P.cUic AtoU Geol09Y 200 46.5 3.06 " 10
6 

P.cH 1c: Atoll GeolOClY 324 32.2 6.99 " 10
6 

.... It 107 62.3 \.11 • l!l" 

Welded .110_14 ... '!'utf 

.,. I ,.. ~r'" 
10

1 

."yolite 1-3 "I 11..... ..eo. 10
6 

P.hyoll.t. t 11:;·J.t!'l.r. 1.16 If 10
6 
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10 .'1') Cl.O. 10'" .'1" 
~ ... 
WWtSof't IIoclt C8.9., .'lw:fAQ8 watc% table) 200C tt 3/tGa 1~ f't'/tc. :soo ft..J~ 

n.4 If ),0.1 • 1,,) C, ••• 10.
10 .'1') (2.0 '& 10 .... • '/:' 

I 

liard ,OC* (e., .• tNlaalt, ~1t.e) 100 tt'IWA 10 ft 
1

/t:AJft to ,,,',-= ~ 
(4.1 • 10'" .'/'\ ( •. 0 '& 10.10 .' I') C6.1 '& 10.10 .',,) 

'l'be "~)8Ct-4 \Ift08rt.:.lnty til t..l)e Wllf' wluea 1e Pi,", OC' ainu • rac1:oc of \.6 "a,!,. fOC' ~_ IIOU 'lVf 
crat.rin.q 1!.'!n.~1.t'!lci •• ftr" = .... i.. ..... r<lld to r~ "'t~ 2500 tt.l/toll \1.7 • 10-" Ii /jj aJlId 6400 ni/tal 
(4.3 JI 10-" .3/j). 'l'be TIlT cr"tC4." eftic:.ency b 20 t~ thtt M,9t1 yl.'d ~,_t c.ratAP'a, .ffiet..,." 
aN! '0/3 t~. the low y1eld ftUCl)U.' c:rat.t'lnq eff~e.lency. 

; 
t 
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y1.1d. IIoet of t.be eftDtD in u.. .acUle bad .... ~ den

• 1t~. an4 xadiatloft ou~t •• ~fflcleotly blgb that thay 
ca..'\ be P'OQP1'4 .1U melena -h1CJb riald- .uate91c ... pone. 

CD t.he odlu baneS. oJ;. '1GLII •• aoA and aDlIlIOLI bad .n1lrgy 

deI .. ~t:l .. &.Ad rediaUoa o.atputa .utf1.C!1"'UF low tbat t..~ey 

cen _ IJro.aped .itll ~ -low r1el«- tactical wup.:m., 
rnm ~ ell Ur .. "*,U ... d r1elde eaoeet.iag CIIle 

Ulotou. &oa. oa4 'BKl.,:.a ... e detanat:.4 in luge tanka 

,:>t waQz'" wlLicb p' ... Uy tACn .... the effacti ...... of 

the devloea and greatly ~ .. aed tb. radiation output. 

Pn..,iO".ia lD"..ti9.tor. Ce.~. aef. 1-" bav4I expnaa.ct the 

..,.. t-o c'c.toci" 1A bnaa of -bot and .~1.4. ~urc.a, 

vtaere tbe al'U -bot- aa4 ·cold- "fer to tM relative 

raJ ltioo output (.If the I1IOGrCe.. 'l'hi~ ast cat&\~rha
tic' ~li •• t~t the a.ouDt of r.dL~tion coupllft9 to 
u.. 9rocud 18 • d.a.l.aaDt COIlaidereUoa ill u.itbl. ~up-

1109 of ~9Y '.0 the VTOWld. Atu.wta at quant!.uUveJ.y 

ret..tJ.A..i craar al_ wltla the ~.ture .n4 .. u .,t the 

<hrvice an 1a prop-er .• but not CUMPlea. ~.:a~ NJluel 

tUare:fOJ:e .... the bl9h yie14 an4 low yill14 cut.egorie" 

in evaiuat.1ft9 the eff...:ta of :a~cle.r aource cbaraCbtl

i.ti~ 011 oratedAI. Pro. Pi9. 4-', tha TIft' *urface b'lnt 

craterill9 efficieDey i. 20 tt.-a the bigh yie14 nuclear 

.urface be.t crate-ln9 efficienCl', and 20/3 t~. the 

low yi.14 nuclear .urf~ bur.t cr.~in9 efficiency. 

c. In Pig. '-4, V tor MTS alluv1ua ya. taken 
.. 1140 f~l/~ (7.715 • 10-,o.3/j ), frc~ JAaGLI HI .nd 

NOLB te.t .. d.e. data. Vo fer P.cific O:u:al .a. taken 

a. '000 f~l/tnn (2.707 • 10-' .3/ j ). fro. the PACE HE 
.. ri ... ~ EnU,.tok. 1'be f1r.t value ••• uae4 to .cale 

JAJIGLB S. .~Ia Il()V an4 JAIIGU: U. "l'he second value w •• 

uwd tl) ac-Ale .d of tIM ftuclc.tr avent. at Bni1Ntok .nd 

auu_ .toll •• 

lU 

d. lh. cr.t_r vollme technilue u.ed in Fig • 

4-4 .a.~. that ~r.t.r vol~ ~. proportional to yield. 

wbere V.IV va DOB/Wl/l acalinq hold. in • q:ven qeol09Y. 

Whil~ thi. i •• good .j~w.ption for surface evente (aef. 

4-11) it iii not valid for eVGilts near .,ptilllurrt 008, where 

V.lVl/l .' V. DOB/W1/ J 4 ac.J4nJ givee good reault. for 

.. and nucle.r eva"ta in NTS ulluviua "ef. 4-12). For 

avente w~th scaled D08 Y.l~. , •• r that of JANGLE 0, a 
sc.ling 1"!W intena.diate be tw~n the above tWO types may 

bold. Ttl. aiaplific4tion in "ig. 4-4 aho,,-ld be .uffi
ciently .ccur&te. however. considering all the nther un

cert.int1e¥ involved in the scaling technique. 

e. "High yield" arid "low yield- nuclear cr&

terin9 e~ficienciea ar_ a.aumed to be the SA$e at a depth 

.. ilere the .... ot the groLond surroundinq t.tle hiqh }'ield 

4evice CAuae. it •• ff~ct1Ja .. sa tc be similar to that of 

• low )'i"ld device at the aaM DOl! , 

f. Althou9h a single 11ne ia arav.n through 

the "high yield" and "low yiel~· nuclear data, the scat

ter ia •• sUJW!d to be aL.iilar to that shown in Fig_ 4-. 
for the TNT d.ta. 

4.2.3 Crate~ VolU&'le Prwdiction Techni~e_; Layered 
Geologi" 

Most ait.s of 1nterest are layered and may 

have. near-.urface water t.able and/C'r 6 Sl\oil-rock interface . 

~er •• re 4 HE teat .erie. with sufficient da~a to ~na'ize 

the etfect of 1.y"r1ng on cr.~ttilr di~nsio l:l, two series hav

ing 80il 9aolO9i •• with. shallow water table, and two aeries 

h6vinc;r • a.nd layer ever IS concrete or C81\Ient.ed sand base, 

The MONO LAU dry volcanic sand over wet vol

c.nic .an4 .. riee (Ref, 4-13) conaisted c! 4 half-buried 

rect.ngulu 250 Ib (1114' It) ~~ni.:;a nitrate .lurry charq •• 

deton.ted on a 1ak( a~(.ce .~ varying hiltances (rom tue w,1ter 
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ed.e (UU" v&6y1ng t.M cSept~ to ¥tlter t.abl.). 'rhe Clap <try 

clay-a.uwl ~r vet cLay-.a"d •• ri.a (Ref. 4-14, C'On8tated c .. 
2-r.dil-abo~. to half-buried 1 It (4.45.) c-e ~rg.a "too
ai.6d in -= pr.par~ t •• t bed, ... 1tb. variable water Uble eSepth. 

A a .. nd (lftl" COIlcr.te at1.ldy (Ref. 4-15) eon"tated of J clitfer
ent exploal1Ne (21 lba (120 If) c-~, 57 lbt. (253.5 .) ";ua1 ... 
_d 256 lbe o.U9 .) 'ftft') detonateeS at .aryl", iIQ8'" witb 

varying cSept:bt< to the concrete pad. !'IU ~IU OU~ I4UWI over 
~nted Ottaw. SaneS Sed.e (ltef. 4-16) oona1etecl t)! 1.7 gee. 
(0.017 .) 1 __ d a.ide apher •• in taftgeGt-abo~e to ~t-be1ow 

cb.a%':Je Ct"nfiguraUOIl. wit.h v41ying cS4lpth '"0 tI'wt ~ted .. neS 

baa •• 

Pigu •• 4-6 aneS 4-1 8how t;he no~l1 .. t1on 

~chnique that 1a uae4 (Ref. 4-11, t-I) f~ pIO~iD9 cxater 

cLta 1a t"~ .ne-layer ..... t .801091 .. jWlt dcsex-u.s (lqer 

ewer bIr ... 'teriaU ...... 

d • depth to ba •• JDate.r.181 (watel' --.bl •• or ~t.4 ayar) 

V .. apparwat craur 90lUM ill the laS'u.o..1 9801091 

Vu • IIpparent cl"a~r <,folwae Ul the av'":'face _terial wheA 

d·'" 

Vr ... appuent crater vol ... 1a the ~ .... terial vb_ 4 • 0 

'!'he curve fitte4 to tN. water table crate": datal1l Pig. 4-1 1. 

9i~~ by the .xpr ••• 102 

(V .. V )/(V - V ) • 1 - "-.:J(-~ ~/·.rllJ) L u L . _. (4-1) 

iDe data tr~8 the aol1-ove~-ceoente4 layer atd

did. (Pig. 4-7) exhibit conaider,-a,le ac:atter. Sou. of tbe 4 .. ta 
~ndicate that a .harp interf.ce Ulvol":~n9 a large iJlt;edanc4r' 

aiamatcb. can pr~uce lug:,;X' crater., thlLn would be axpect4tl. ill 

e1ther aat.rial conaider..u separatel.y. ~ •• ffect ilP. lHu.
trate<l in Pig. 4-1. For certain depth. of o"eTbur~ ... , '-t ap

i?flArs that a hareS layer aay U.it tM cr.t .... "ert~ .m11.. cau.

ing U~e crateI' .hape to be IaOre ne&rly tr.peao!t;.a&l tJ .. .n para-
... ,,:1 ~~ or conic. t'be alteration of abape aay "':aUM ftC, chan •• 
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- aa 1ft~ 1A Wtl_ lor certata depths of Oft~\oCcJea. 

ftMt effect ~ly ~\&lt.a fraa a ab0ft9 ca.preuhe "reUec-' 
Uoa fro. tbe bard UlMhrl11D9 wlUcIa lateoaUi .. cr. __ I:-

ID9 acUoa 1a tM .of tel' auface layer. 

. hI' .1tea ba.1LJ a a1Actle l.,er eaGMd bJ a 

.. ~.r tUle. 1~ 1. ~ ..... ~~ tbe water tUle CQ&'ft of 

.19 .• -6 lilt uae4 to p&adict cr.tar .01_. In oae.. 1n.ol~ 
iat • eoil-rock 1n~faca. Ot;Jft • .;. .... ~.oa .bould ... p".. tD 

t:!ae ~ of U. uanaltion frQii ... il to rock. rt9Uft 
4-7 ... t-.o c:un.e _lab boUP.4 tbe uta aa4 a t'UI1I curve 

WIllch, rather ubiuarUy. 1a tbe C\1l'ft deri ... frClll tJle vat:a" 
~l •• ~ __ • Al~ the affect of • vater table u4 tJle .f
fec~ of • baN layer are raeognla..s .. different f tM watAtr 
tabla C'U'~ 1a within the data acatlar an4 p~"ide •• 9rad.aa1 

uandUoa vIlida ,. eJlpeCtad 1n ....,. l4i.yered 9eolog1ea ·involv

ing • ~th1al traa.1Uoa to rock, .~ .. vould ocov if aa 
1at~nl'aft1nCJ ... tt.ere4 rock l~yer were pre~t. In tIM ca .. 
of grad.aal tranw' Uoa., tbe c:une UU:oucJh the "'"'u i. reco ... 
Mftded. POI' ca~!' .. iD'WJlvl"9 • aharp ~ranaltloa to rock, ora

tier 901 ...... y,~'!pntacJl the.tpper bo-.4ing cnarwe. 

r,i!' une-la~~t' pl'Obl_ can be ..... 1'.11 .... to two 

laY1lr.. ..t VI' "Z .,.;;.1 v~ ~ tbe crater yol_. "Kciated 
with tbe top ..... 4!dl .... 4 bottoa _teri.18 OOAaiclered .. par.tel/. 

"23 1. the cr:atel' 'fOl_ uaoci.ted with the aidell. lay.r and 
___ te·.ul, aDd " ,. t.M cr.t.ar 901_ in ~ total l.yered 

.-dill.. fte thickDeu of t.be aic!41e layer 1. 412 , and the 

Uticluw .... of the top layer 18 41' Iflt:it the .. clefin1Uou, 

(V23 - VJl/(VZ - "1) • 1 - exp(- 5.td~211/1, (4-2) 

(Y - Vn )/("1 - VU ) • 1 - .xp(- 5.4dl~/1, 

1'be value of Vl1 i. calcul.~ boat 1Dq. 4-~ &Ad ~ft UM4I ift 

1Iq. t-l to calC\\ute Y. 

us 

(C-l) 

'- <":'-'I<>,,""'~-~~~ • ..t!,., ,. O>o< ..... ~:, .. ~;O;" ... :!fII".,.~~.,.~~ ~~ .. 4>tN,.,.. .......... _ ............... -

aquaUou 4-1, .-2 ... 4-J plape DO nau'lcUoa 

on the balgb~-of-"lUrat or dept,b-of-lMant 0' the exp1.oa1CAl. 

.u.~ loCaUoa _ten die plCObl8ll only tIlrCkafla tile eU--=t of 

ban locaUOft oa Y;.' V2 VJ aM V. 'fo f1a4 t.Iae ".UI: yol

_ in • u7A1'eCI .... 1., one Urn ca1,,-v.latea v l' V 2 aD4 U 1 

.... 1ft9 tao.:I._eou OOD41tJ.oaa. G,l".. the .01-. VI' Va 
aDd V3, .. calcul.te. v b! IterAtion .lth ., •• 4-2 and 4-1. 

& ~ ~Jpe 01 t-.o lay •. 't geology COMa e. of 

• lay.r of 1IO!1 over aoft be4rock (~;.all, abal. or Hft<!l

.toGa' wlth • .,.ter tabla e1t:.be&' abow ur be.\ow the eon-:·"ck 
ilatarf.oe. VaiA9 tba nQld.nal cr.ter1A9 eUicleoci .. of "fable 

"-1 for dry ~-1l, wet. eo11, dr7 .oft cock aDd wet .oft rvc.k 

d. to bip yield ft'.;ocle.r avf.ctt bu&'ata. &ad lDqa. 4-2 an4 

.-3, OOft~our. of equal cr.t.arin9 .fficiency can bit drawn on 
• plot of ,1.1d-.cale4 ~tb to bedrock v.rau ylelel-8ealed 

depth to the water table (Pig_ .-9). r19QC. 4-j 1~ .xpec~ 

to provide. raaaonaJ,)le .. tJ.aI&te of .urtace ftuclear but'.~ 

cr.texing .ff1~ju.ci.a for ""Y geolo9i .. liMly to boa a..coun
ter.... !'he "ater1D9 .ftiei_ci ... of Pig. 4-9 cat1 be iIIO'!!!h.ed 

to incorpor.te tbe effect of bel9ht ot' depth of bunt ~~ ~i" 

f.rant .om .... with the n .. of ~!.~, .-4. Iteration 18 requ.ix~. 

'!'bel aca.1e4 depth. to the vate." tAbl. an4 ~k .re .Ucce8-

.1".ly NlIUpl1ed ~ the ratio (VfIV)1I3 where VB 1e u... hi9b 

yiel4 ftuclttar .urf.ce bur.t cuter 901 .... in the l~l':i'wQ 98010-

9Y troa the. pnvloWi It;.Qrat:iun (\ltoling rig. 4-9) an4 y 18 tile 

wer_t • e.U.a:t.t:I of cr.wr YOl...,. 1a the 1.yerQC$ geoloqy •• 

4fttftnained tra. VB and Pig 4=.. '1'he tecl&nique convc:r, •• very 

rapidly to • unique v.lue of V, which UJ cloee to the value 

tbat would be obta1rAd fn. • 11101'. ·~i90roU· &DAly.ia _bog 

Sq.. 4-2 and '-3. 

4.1.4 ~r RadiQ. an4 Depth in B~.:m.ol.l • .nt! 
LaX.'"~;a GeolOCJI •• 

In Pig. .-10, the rad~i ta.) and dep~ (D ) 

of IDri crater. are .caiM by ";/3 .nd plotted a9a1nat Yield· 

126 



__ .. ,M __ .... '_, .. ".'_ ............. ~, .. _ ........ _ ...... _ ...... ____ .-_~ __ -.,._~ ... ......."._ ......... __ ....... _ ..... __ •• " ••• ," 
, ....... __ -..",_~.~"' ... ~~t1li~~~'~"w·,.'ft,...14"".,.., .. ~,.~ .... " 

~ F.O .. 
S 
~ 

j 
s 
i 120 

1 
1 

Ic:al_ DepUl to "UK" T&b.1e 

• ..-bees _llteent to contour. indicate cratarifIIIJ efficiency ill ft.l/ton 
(10-12 .)/]). "-ric hiqh yi.14 wel_r ~:"tulay .f:icleaci •• of 
Tabl ••• ) ........... tor iadl"i4ual _ter'&l. ~or ~.-ou. 
(;. 'lnlS1tlOfl •• 

') 

S 
~ 

oft • 
~ 

oM 

o J 
B 

i 
l 
~ .. 
.i o 

Flqure '-t Higb Yield Nuclear lurfAC4 ",rat ~raterln9 I:ff1c1enoi •• 
1n a !'Wo lAyar GeolotY •• • hAc:tlo.'"l of La~ Deptha 

121 

• 

! 

... 

I r I 
.. ..... 0 

'" ::: 
~ 

~ ., 
.! ... • ~ 

i. 
.. 
~ 

.. 

t U =~JJ ai I iili 
,. , 
t 

• • 
(ItA! • 

~ • • 
[/I

AI 
• 

'" ,> ,,,~~,~.,, '" i:I. ... ~" ,........,.-, •• ~~ •• ,"'~< , 

0 

"" ..... 
. ~ .. , 
a 

00"'0 

121 

_.>;<""'", .... "'.3'!ii(!" ... ":'II''i!It'';.''!OI<.,,:i).'*'~~ 

f .. 1 
-.. J! ;; 

~ · i 
t .. 

..: 
J r 

~ 

~ I i 
i J 
;: I 

! 
• U- ~ 
I l·· . ... 
J 
I 

~ ... ... 
"tv"1 0 ,. I 

f' ! 
)'41 Ii 

.,~ r Il .. 0 
• I ... , ... .. 

~,'.p<Jo.', ... 

,-.. 

. .. "': 

.. 
• " 0 

'-/tAl G 



~ 
1 

I 
~ 

I t-
N 

t 
.. 

1 
i' 

(, 

~rS:1 :1'1:"'1 f~?t~f~IJ' I ; 1 
~~ ': g : : 1 [; i~ ... tt ." 

:,.\ ... ..,~ ... 1 .,,.. I:t it • • .1 " ,. r & rr ~ 
I' .. ( '4_' R .. , ,> ... • · :;- "I t f!~aillf·! .t .. ~ ls:i I 0 [ ... i .. r$i ;-~'b"'I I.} P!.i'l . i ~ ~ R 

.. w ft i 1 t:::Et-oll OOr 

i f !' .:.. ,.. rt t!. i • ... ' & t ·i"jg.., .. l'lt'l t '!' li:::Zr' -; ~ . - " .. srHl1q .. l.w .- ~ II 8~t-. 1:: • :,..,. 

• S t :;- 8 = .\ '~ 

d § ~ .:; i £ I .\ .:>\.0 !'»: ..... ., If, t ~;rl 1."1 "-

Il~U'I- !" ," 

...... . , w w w w w 

~ .. o. ft 'Ii • I • ; i "rn i 0 0 ~ .. !'" ,n II II II f i ~ r 
'~ i i j E i J . . a,F '" UI 0 N 

" .. ; .. 
\;:afiil;-( ~ .,; ~ @ '"f!h,f1f, 1·~ ~, .. ,... ., g 0 

f~ I:ofi'" nt- ... ... 
~ ~ Ili'2ir'; i ., 0 • I ., '4 N .. 

• c: 0 .. '. • -i ... ",~::'4ia - ~ - • E5~~'!li5i .. I 
~ • i ~"Ii .. t;'r t. i ~ ,. 

Il,f"l'=qt' ... ... I t II . f i N 

~ti:i=ti·r ai'" ii I ( ... ,. g f ~ i 5 i·· ~ 5 os::, ~ ,. • ! I' I I I "fil!C -tat~t ~'( t • il ,.~,. It : rI • E ,. &: ! 
... I I ~ - ~ 

r t '" ' - -.. t .. 
• • 
~ ~ e 

1 10 

~' 
i , , , "'I 

l02 1(,1 10· 
.r--~~-P~~~--'-~i~'1'~'~'.iR'i------'~'~'-~~~~~~--~-.~~~ 

.-

liIC.lIf Surf ••• ·•· .. ret. .... , ....... et. 

~ 
~,~...! 

II 

lOt 
c 
I-

Ii: 
Ie', 

T 
() 

• 

figure 4-11 

~ ~l fYeftt 

" ... ,"f;~ If ~1I!toIUt 

''' ... 1.1 U o r»..,. 1m 
JA .. ..:: • ca CMltW'..rt' 
SDUW:U. 8(.' ~.1O~ 

~; £ 1'r.AJlfJ'f as 
~1IO:;Sr. 

CASTl£ 1t(QI 

"'III 
ZUlU 
TElU 
rwr:: 
rVY .. IKt 
CASTLJ: aaAVO 

Crater 'ol~ Scaled Radiua and o.pth ao a runctio~ of Yield lor luried ~ 
r .. ar-Surface Nuclear llur.ta 

, 
I 

I 
I 
Ii , 
i 

I 
I 
I 
I , 
I 
I 

1 

I 
I 
~ ____ i 



~ .... , ... ~ .. ,--~.~..;p .. --.~~~~".-.,..,,"",,,,,--.~. ~ 
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U-tioIM aa4 ... '-~ .. Aowa ).a 1'1V. C··l. 'Ih1 •. obMrve4 ·bo~
t.oai.Dt OlZt- 00814 abo 1~ .... upeet raUo. by helplD9 to in
~ t:IM cr.tel &-"1".. ~~-.bot. _tar v.&ahiftl ..... 1~1n9 
of the •• -:1tlc CI:at:ara ul1 abo belp to 1.~ .. the upect raUo. 
AAII, of oov •• , ':ltv. oc.ulel ...... pve1r y:.l.14-nlat.ect .ffect. 
tbat. :wua ~t !1ft .... 1tfuUUe4. 

__ use of tbe na f.;.!". lad of 1r.aGw1edge \)f tbe 
~ f~ t.M P101f1u CS'.tu racU._ .... d4f'tb relaUoa.a VI V8"'l 
..., lIIIa •• -6 aIt't .-7, 1t ..... ..,1 .... 1. to .... t;beae n.laUona 
for ~ la,...4 .... au.oteoeou ~eol09t .. tor auf.e» bu.b, 
~lal1:r .. JOel. ~)1091 •• of ~.0t10.1 1.~t. ~ J..,er •• L 
.... ua1A9 t.be .. ,U4J.ty ot .,.. C .. , aDd 4-7 at the a"dace, it.. 18 
AO~ v.-y clear .... t. tM SOl --' ooa f>tfect _ the .c;e.Unfj vHl be, 
~tI.ll:r au.,. .-10910 lAJ'eria9 hflusac.. tbe CS'atar •• peCl: 
~a1:Jo to liiCIl!I .. ~t." 

It. i. poa.ible, botMvel., to .,ut re.aaoD&ble boun4a 
we t. .... paull,l. " •. d.Uona of cr.ter ra41u aDel cleptJa vitA .-,e an4 
_. • ..... !. ... ~t:1o\ .. are ... to .CCOIIpl18b thb I 

• cr.ter ra41ua &n4 "-Pth au.t . .unotoaJ.cally 1acr .... with 
4ec.; ... ! .. _ 'iftCl' ... 1DV depth). 

• At • 8C&1e4 DCa ot 0.2, the .. scal1ni of Bqa. 4-4 and 
.-~ 1a .... ~ W holel for .11 lArere4 veol.o91wa. 

• ),bt,ft • eoalM _ o! 0.02 ua4 higher. the crater r.diWl 
...... ..,. to be abcM&t OODataat, wbi"c:b 18 r..-oaably con
.lataat wi.tIl ex.tar .01 __ obe~v.4 tn •• acific low-.l-
t.:~tu4e AU b"nb. 

ft. upper boGDd for cr.t.er r • .41u for burt41'S burata 
18 ... _4 to be .1ther the Gr.ter r.eliu c.lculat.e4 fre. &q. 4-6 
or tae c;~.ter radio .t ooelV!/l - 0.2 .... o.lelll.ted fro. Sq. 4-4. 
wbicbe .. , of tbe t.a .alwa. i .... 11er. 'l'be lower ;o,ound for cr.tflr 
racUua for buri.d bor!tt. i. • •• .-4 to be .i ther ~ cr.ter ra(! ... hI 
of t:ha :Iurface bureta or tt.e gr.ter radiWl •• calc\ll.t.ect troa 

1~1 

1IIiI.~ C-f, whJ.cbever of the t:wo .,..lye. i. the 1''-'=-':_1:. t'he lIouD4. '_ tM ~r.ter depth .re 4ut.erm1ned fro. tb .. bolmds 
OD the cr.t.r r.ct1". by the relctiop 

n. - V Iwfa" .... . . c .. -a) 
where f 1a 0.5 fill' crater. with paraliolic. cro ••• ectiowl and 
0.11 for cret.ra vith cooical aection.. rra. EJ .... -4 to 4-7, 
f • 0 ••• (_/1 kf)-0/04 (f • 0 •• 7(W/l012j)-0.04) for .urf~ 
tNr.t., .... f - O.()( for buriat. at 0.2 »cc141'S DOlL A ncainal 
vallie for crater: ~adi". aDd ciepth can t. vbtAiaad by an aritb
_tic .~Jife of t._ toUhdi..g ''';61\1 ••• 

Cr.t.r r4ldii for above .urf.c. burst~ can 
obtaia.4 fra. Bq. 4-6 up to •• ca14l'S IIOB of 0.02. A\.lx£ • 
that 808, u .. a COn.ta~t or.~.r r~iu. obtainaJ at the .caled 
BOa of 0.02 (fr~ Bq. f-6) and obu.in a f:rater depth l.1.i"9 
Sq •• -1 wher. f - 0.,4(W/l kr)-O.04 (f _ 0 •• 7 (./l~42j)-O.O'). 

Thus, i. can be ... n that there h con.iderably 
.are uncertAinty in •• tiaating nuclear crater radii than in 
.. tiaatiog nuclear cr~t.r voluaee. While the .v.lla~le BE 
dat. indicate that high crat.r a.pact r.tio. can result tra. 
qeoloqic l.y.ring. inauff1ci.nt HE and nucl~r dct~ ~~i.t to 
~t incluaion of l.yered geol09Y eZfect. into a quAntita
ti,,'e ii&'.ai~tion technlQ'U. for nu-:l.ar crater radii and depth:: 
• t t.h1a u. ... 

4.2.5 Repe.ted Cra~ering 

.epeat»d cr.t~rinv i8 d.Jined a8 the creatio~ 
of an incr.a.ingly large crater through the repeated detonation 
of charg ... t or near tbe bottom of t~e crater created uy pre
C~~lDg detoDlttiona. 7~ first detonation 1~ II contact bur.t. 
aM Nch euoce..:li~g detonatic::l i8 at or n •• r thQ crater t..:;lttoa. 
below allrfcc. gro"oo aero. In &oiiiou co.e., it aay be II'&Or_ ac.-
v ... ·oCj:t()". to .ucces.iv.ly d.ton&t.e !! -~.:!.;: ..... UL }<leld If in 
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U'fl ~, ~~.cd.o.d above. rather t:baft detonal(.; a .in,l. 
charC)4t of yi.,1d :loW. 

Referonce. 4-10 aDd 4-1' r •• ~ the .wiating 
HIt repe.t.ed clo.ater 1&t1l data. In tlaia llaftl.lal. a .yntJws.\a of 

the d.ata h~ the ,.bon two "porta 1. ... (ae'. 4 .. 20). 
~.l; -;.!d.,U.l9 dat. Alft re.lJlt" f~ 9r ....... la.d ("bArCJe. ia 

soU and ....... ntd ~t. lilt .sd1t1oe •• t .. clau ue ... n .. 
able foe y:slda ranviaq f~ 1 l~ '4.4' .) to '000 1~ (17,790 ~} 
~n 8011 an(. ba,al~. 

ft.fl affecta of ~t" cratad ... GIpOft ~ater 

radi .... 4,e~t.h ....s 'fOh .... ~.:l .bawn 1n Pi,a. 4-U t.hrCAa91l 4-14. 

whie" ;:ap" •• CI\t ~.,. ~ n ... bebe.loc 0': eo11 ... rock few 

yalda.' 9d.ter than lIb. (" .. 4 5 .). :he affect .f ~.te4 

cr.teriftCJ upon cra~ d1 .... a.iOft. can bot approxu.ate4 by 

"'i.~. 

C' 
• .!' 
~. 

1 
(4-9) 

c,. • • cratar dt..n.ion (radi .... depUa or 'fOl .... ' .fur 
It de'teaaUoae 

C1 • the corntlPOll4in9 crater d __ aaion afur 1 detoDl.

t:ion 

• - the cw-.c of deb)natioea 

S -.n esponant depend.nt upon the 'l'lOIOW and cratar 
dt.enaion un4.r con.idoration 

Avera,e value. of a for eoil .nd rock are iad1cated in Pi, •• 

4-12 throuqh 4-14. Oft the a".,raCJt:. a deoper crater can be 

obtained by repeatfMI ~at:.rin9 tMn fco!t' a ainq).e bur.~ ... !.~~ 

the total yield of the repeated crat ... '1nq .vent.. 'l'b. re
\~rce i. true with r.apect to the crater radi~ •• 

Th.: utrapolation of HB resulta to t!k nl.lCl.ur 

caae is ullcestain. Since a .1n91. hi9h yield nl.lclear wl.lrface 
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Piture 4-~ 1 ltapeatc4 ~rat.d",1 Cratu "1us •• II\.1Iii1Dtr of 
Shot. for .. Sl.lCtcce Burst. 
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Pi,.. 4-U 

1 4 6 ? • '11.1 

...... of Ibot.a 

-.peat.« Cr.~t.v: Cr.t.r Volu.e v. ll\albetr of 
.~ for .. 'urface .ur.te 

us 

,',.,. ,. ,~ ....... _~._ •. ,"- •. , .. ", ... ",r,.'.~ . ..-,' '.'4 ,.". .... ..,...,.,~,:,·,."."'-·"~fL;::.~~- ~!t,'f'!'tl(ih:;I~Wt!~{~+J.t'!!-!l:~'f., 

bure~ can reault in & crater with • r.l.tlvely ... 11 d.p~h and 

1.u~;e radiu., F19a. 4-il to 4-14 ehould 9iv. • ainiilf..nft e.ti

aatG of AUClear cr.ter 4epth fro. re~.ted craterinq. and a 

aaxt.ua •• tta.~Q of crater radiu.. It the initial n~cl •• r 

crater •• pect r.tio i. e •• uae4 to be .iail.r to that of an 

8& eurface buret, the r.".r_ will occur. U.1n9 f':h .... cor~-

ce .. ta. he f011otin<J Dc\Lnding equ .. ~ion. eu be fc-r-.ulattid fo: 

nuclear eU'face buIat.. TM hi9ft yield nucle4r .urh.ce bur.t 

radiur u.4 depth 1,1&tlOfte .re c..uen fro. Eqa. 4-6 _nd 4-7 

and the hi9h ex.>lo •• ,,-. re':'.t";'ona fr~ &qa. 4-4 and .-5. 
Crater VolWMI 

aoclu v., - v
l
_l.07 

SoU. V
M 

- vl_o. 77 

Cretflr lladiu.-:taxillUa V.lue c 

Rock: ( " lo.ot 1/ ~ - 1.2 IklfJ VI 3NO.24 

( W ,0.08 1 a...x - 1.01 --.\ V 13NO.24 
lO12j 1 1 

&0111 
( W )0.0. 1/ ~x - 1.2 ItT VI 3BO.16 

R ( W 0.08 -~.&X - 1.07 lo12
j

) v~/3NO.16 

\ 
\crater Radiua-Miniaua Value: 

~OCkl 

SoH I 

~in - ',.2vl/3NO.24 
1 

~in - 1.2Vl/1NO.16 
1 

IJ6 

14-10) 

(4-111 

(1;-12) 

(4,-13) 

(4-U) 

(4-1S, 

"'1-. ........ ,_/ 

/ 



,,/ 

frat.r Depth-Kax~ Value: 

flock: DNaax • O.5V~/lWO.54 

So11; ~ t O.SV~/3HO.41 

~~~ Depth-Mifti.ua Value, 

R:lCk: )
"0.12 

o • ° 5 ( "- vl/3NO.S4 _in • fiT 1 

D (. W )-0.12 Hain • C.59 ~ vl/lNO.54 
.10 j 1 

SoU: o ( W )-0.12 Main • 0.5 ItT v~/lNU •• l 

hin .59 -]"- Vl/lHo.n J • 0 (W )-0.12 
101 j 1 

If fW'ch .ucce •• 1ve craterinq burat ~ l' buried. th.n the crater 
deptr. •• y appro.ct the aaxiaua valuo, and the crater radius 
.. y api,lroach th .. a.iniaua valUe. For' .rl.ar y~elda l ••• than 

(4-16) 

(4-17) 

(4-18) 

(4-19) 

I kiloton (4.184 • 1012 j), ~nly £q •• 4-14 and 4-15 .hould be 

u.ed "'or c&1culllting crater radius, and "nly :::::_. 4-16 and 4-17 
should ~ u-.d for c.lct.latin.,,; crater depth. 

•• 1 BJEC'TA 

4.3.1 ~ll 

Near-aurface o~p~~.i~na .~)ct lar~ quaQtiti~. 
of debria which c.n oe cs.poaitf:d at C"On.lderable dlatanee. frae 
the burst poL'lt. The type 'If .. tarial d.poaited r.,n, •• froa 
fine duat to larqe diacrete rock and eoil clod ai.IIIU... 1"be 

ej~cta enviro~nt aay be divid~d into three g ... r,l region. 
defued a. foHowa: 

• Crater lip - where ejecta ott.n takea the fora of an 
overturned flap fro. the crater. 

137 

e Cont1nQOu. .;.eta ~1on - oonaiatlftg of an ~j~c~ • 

. bl~nket the thick .... ot which .... r~ •• with r.,oge and 
a~lau~ (noainally, at a r.~ 1 ••• than 1.S to 1 Ra ). 

• Di.conU.DllOUU .j.cta "9ion - oonai.UnV of dillcrl't.. 
ai •• il •• wi~ the p~-.hot gJ:oUAd .UT·~ •• i~ible. 

r~ characteri.tic. of the ejeee. .nvironment 
which ar. 1r.port.ant for the de.ign of prot.etive .yatea. are; 

e Aftraq. aje,"::. tl.icknea. or areal denaity (eject. weight 
per unit area) a. a !unction of explosive yi.ld and type. 
height of t.Ur.t, ground raDCJa and qeoloqy. 

& .laiauthal var~_t10n in ejecta tb1ck~ ••• or are.l den
.ity ~t a given rang.. Significant v~~iati~1 occura 
due to raying pbena.ena which reault. in radially 
oriented .ounda of debr! •• 

• Ejecta .ize di.tribution, both after iap~ct and juat 
plior to i.pact. 

• Nu.ber of aia.ile ~ct. per unit ar.a. 

• Iapact ftloci~y .nd iapact .ngl. of ai •• 1lo •• 

Sinc~ the total -~lUMe of ·ejecta ia related to 
the to~l vol ... of the crater. UDCbct.intlea in crate!' volume 
are directly reflectod in uncertG nti •• in tbe ~jecta di~tri
button. In addition, there are uncert.intiea with reg~rd t~ 

the .. chani ... ceu.ing the cratet. Conpaction, for e~~l •• 
produce. e crater but no ej.cta. 

4.3.2 Ejecta Tbickne •• and AlIiauth,o.l V.dati,?n 

Si~~ .j.eta re.ults frae cr.~rinq. it i. r~a
sonabl. to .Jq..tct th,.t th. tot.l .j.ct. ..... 1.. clc .. 1.y relat8d 
to the crater voluae. Teat dat.a .ubatltnt~ate. tl.la rela<.:ion. 

except cor nuclear burat. occurring fae .nouq~ aboYe tt~ .ur
face to produce a depr •• aion crat.r with no .jecta. The pre
diction .. tbocI for ejecta depth •• real den.ity and aziauthal 
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_, ....... , ...... "'~ ...... ~~'~.~~#,I~;..~~_""'_, ..... "~h " 

y&datioa ....... ted .... ia 18 baae4 upoa "f. 4-' .... l:'.iD ap

peretlt .:.a:-ater -.olr.. 1. ..Md to ac&l. rUCJe aDd ejecu 4epth. 

ftM follow! ... 4tqQaUon. (Ref. 4-') .. y be u.ed 

to oalCQlate , __ ta. • ..t1ml aiata. an4 a..ra., •• ject d.pth. 

CD ... , D-.4,' DaiA &ad ih at uy raD9., R, OQUid. Che crat.r in 

11011 aa4 110ft rock 9oo109i ... 

D ... - v!"l [0.167 expC-2.12Ua) + O.04U exp(-O.l7'l.,)) (4-20) 

D.-4 - v!/Z (C.U'14exp(-a.S"-.) + O.01l6texp(-O.S!S',,'1 (4-:,u) 

DaiB - v!/l (1.OS6exp(-a.'7"" + O.OOi18exp(-O."a5,,») (4-22) 

D • vI!l (O.7'~(-2.30. ) + O.Cl~.axp(-O.'23.-») a • -~ 
(.£-23) 

where ~ • RIV!/l. The cliatrilluUon 0: .jecU del.;h at a qiven 

r ..... asy t.. approaiaated b~ 

9S-1t 11:-5 

0(11:) • Dt'O 0" aiA _lit 
wber. 1t 1.8 t..be pr.Jt,abili ty of obu' nir.q aD ejecu d.pth l.u 

thaD D{II:} a. a 9ivan raft9. aDd D('S) - D ... , 0(50) • D..a' 

(4'-24) 

O(S} - Da!.n" "or bAl'd rcc.c 980109ie. (e • .,., Maalt) calculated 

ejecta c!up~ abould be IlUlt1pl1ed by a fact~ of 2. t'be IIllXi.

~ .jecta thickDP.~ relation (Sq. 4-20) re.ulta in G valu~ 

that ia,larq.-r thq I1bout 95' of the ej,.cta _ .. ur-.nt. at a 

g1v .. n rang. frae a cr.t.r~ bur.t. "I'he .aciiaD thickne •• (Sq. 

'-21) 4.a larqer theft 5o, of th ..... ur .... t., aDd the air.ilIlul« 

ej.ct., thicJtna.a (Sq. 4-22) 1. _Her tUn 95"f the .... u.-.,-
8aDbio. The variatiol. of lMXt.. • .-dian and aifi.1auI .jecta 

depth witl'l %'&119. it .• bown in FiV. 4-,15. 

The par ... tera of yield, height-of-burat, ex

ploaive .ourc. character1.tic., and geology are a.sumed to 

influenc~ the ejecta di.trLbution thro~9h th.i, influence ou 

~~ crater volu... The variation in ejecta depth at a given 
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r&n::-_ (ejecta rayf.ng 1. an e&-.ple) !. intrin.ic 1n the e'ecta 

proDl .. and cannot be 4ecr.,aaea .:i.pifi:·antly l'v .on exact' 

kn<l'WledcJe of ejecta p"'na.enolOCJY. The equation. ... :-e ... nte4 

arL ~rt..rl1y in~~nded ler nucl~ar c~ater1ng tur.te. but they 

can be used with reaaonable validity for III buret.e a. weH. 

Equaticma 4-20 throll9b 4-::>4 are ··.lid {or any 

range beyond the crater lip. for ~'eurface burete and fOE 

below-.u~faoe bur3te down to cealed depthe of bur.t (B08/V~/3) 
~f o.~. Th. validity of Eqa. #-20 throuQh 4-24 for .ore deeply 

l.u:ned burate ia l",certai6'l. and u .. for acaled <k -the of buret 

• 'ire.t~r than 0.2 1e not re~nded. 

Are.l vei,ht denaity .. y be e.tillat,,,,," froe 

ejecta ~pth bl the relation 

4 • y;;:. (4-25) 

vbere 

6 • are.' 4enaity 

- bulk ~nlt weight of ejecta 

D • ejecta depth 

'" £)ulk ejecta .~nit veiCjht :,)f 100 lb/ft J (h7 11/.3 ) .. y be 

."i1!,vwd. 

It .houl~ be noted that the ..,,, .. ure .. nta upon 

wh;.ch Eqs. "-2G throu"Jl\ 4-24 are ba .. ci wer- taken ever pbyei

cal ar ••• which varj wip.h .caled ranqo. On the crater lip, 

th~ Mea.ure~nt .. y average over a negliqible ar~. to .~ .. r.l 

squ.\rE r~!t. Tn the d1.cont .... uou. re9ion, the ., .. raqinq .. y 

?a .lver ... veral thousand aqu.\re feet. The Jllea.u ... -.enta in 

the conti.nuous ejecta region. when ecaled up to ~ hiql.-yield 

nucl€4r burst, lI1igh t correspond to an ar~ ,t ot 4IJxlut 10 ft. 

(3.05 ., by 10 ft. (3.05 a). In the di.continuo\l. re)ion, t;he 

ae.llwrelaellts wau1j corre.pond to an area of t 1e oro. l' of 1000 

ft. (JOS a) by 10(10 ft. (l05.). 
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Crat.n: ~1.~. for u_ .·i,. ~q.. 4-l0 through 

4-24 .. y ba .etLa&ted with the l:elati~na given below. 

High yield buret. (W~kT (~~184 • lOl2j}) 

Va • r.04Vl~&P(-55.1HOB/V!/3) (aOBIV!/3 ~ 0.O~2] 

Va • o.051
0
e&p(-166.U08,V!/3; (0 ~ HOBIV!/3 <0.002) 

v .. ".07V .&p(O.OOll + OOBlVl/l) fo < OOBlVl /3 < 0.2) 
• 0 0 a -

Relow-eurface low yield burat.~kT (4.184 • 1012j») 

Va - 4.19Vo (DOB/V!/3 + 0.0216)°·88 

Va - 4.07Vo (0.OC3l + DOB/V!/l)O.77 

[0 ~ DOB/V!/3 < O. ,)55] 

[o.oss ~ DOB/V;/3 « 0.2) 

wbexe Vo i. the crater v{..l~ due to a half-buried sphere of 

TNT (Ve • WEo)' 

(4-26) 

(4.27) 

(4-28) 

'4-29) 

(4-30) 

Above-.urtace appare.lt cr.lter vol~. tree. rig. 

4-4 ehould not; be u"ed. aince aoat of the crater volwrae for 

HC8IY!/) > .O:Z i.J thO!lqht to re.ult froa coapaction. EqUA

tions 4-26 t~rouqh 4-]0 esti .. te the crater volu.e 4e~ultinq 

p~i .. rily froe excavatiol~l proce •• e.. £quatiun •• -28 to 

4-10 are fita to the buried nuclear curve. of Fi~. 4-4. 

'!'he ratio of ~ota). ejot_l.a 1!..~.a· to appa.rent cra

ter _a •• can be det.erained to an ~xce llent ~ pproxilllati on AS 

(Ref. 4-8) 

"t/Ma • O.~4F(W/lkT)-0.0477 

Nt/". - O.S8F(V/~Ol~j}' ),0477 

• 

(V > lkT (4.184 x l012j}) 

-t.e "orP.tl c()nvention of ejecta liter.tux", in wtdch th~' woro 
-mas." is loosely .iefined to mean -weight" i!' u&o!d her€'lO . 
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,Ai. · o. ,t,. (V c Lk~ (t.ll •• lOllj)j (4-3~) 

..... ~ . 
.. , • total .jecta ... .. 

a. • atIII~ftt erat -.r ... . 

P - 2 f~ ~rd roct &D4 UDlty f~r .11 otber ,eo1091 ••. 

PJ,ure. 4-16. C-17 and 4-11 pre .. nt ejecta. dia
~1lMlUQlUlt uclar a "ulet, of CODdit- '\c... Pi9'"tl 4-16 8Ilvwa 
ej.ct.a ct.pth ., • fur.~tiOl\ of owerpreuure 1.".1 for 1 K1' 
(C.l'. x 101S j ,. 5 at (2.0~ •• 1016 j , aDd 15 M7 (l.OC' • 1017j) 
yiela &ft~ a' ... -ca eratel1.ft9 afficienq of 10~ ft1/"ora 
(1.77 x 10-10• 3/j,. Pi9Qre 4-1/ gi .... ca1ed ejeeta depth C~ 
a f~i')ft \If crat.en.n9 .fUcl • ...cy at the 1000 (tl9 M/eal ) 
MAl 600 pd !.~. II/ClIII2 ) I .... !.. ~ o (to) , 0(50) ..wi 0(10, 
"al~= axe "'JIm. Pi9VJ:e '-11 ?lot •• jecb. tltickn •• Ma at 
U. lOO~ pel (,. 1I/a.l , 1~1 for nucl.ar surface bunt.Oi on 
la~ .1~.. .. a function of &ea1ed <Sept" to •• ar table 
aDd~. 

4.1.1 !l!~ ~1.l1. Slae DiltrlbutiOft 

lnow·.oge of the ai •• i~e .1ae diatrlbutlnn i. 
illpc.>rtact bot:tl f~ t.hC atan4polnt of proper c. .. a191\ of !!clic ia 
~'al Iyat., • aft4 a. a neoe.eary input 1A dctera1nin9 '.;be 
espe~~ ~~r vf .1 •• 11~ t.p&cta on a 91~n a~ ... 

... -
~ 

i 
f 
i 

~ -'~ 
, .. ICl<IecI .1~' 

... . 
~ 

... . 
~ 

.. 
I o 

.... , 
o 

~ 

] 
"," IL 

.~ -
~ - . ~ ~ ~ 

~ ~ i 

.... ~; 
J- : .. c. IL 00 0 :... 

til ~ .. 0. ~. .,....... • .- 3 
:: ... ,.Ill 0.... : 
~~ .. 
f 
.::: ..... ;= . ( 

~~ c: • o .. 
t., LJ 

~ general fora for the e1ecta ~ •• 11e .i.e 
4i.tribl~tion for eraterin'1l .... nt. in Z'Ock ("fa. 4-11 and 
4-22) 1a 

.... ' .• ,!--,., we"" _1W,·t 6 , _kalA." '01''''''', 19 

. _"' 
M/Ilt - (aI .... ' n 

l1li\. t.~e ~lativa .... fraction of .ject. 

• tb6 euaul.tlve e1ecta .,. •• at .11 ~~4~. with 
equivalent: .U_t.er. 1 ••• U.4ln or .qWl~ to 
the "a1ut" • 
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kal" .. til to -.ca Ut -~ ai, 1/) • 

o 2 .. • • ;1) 12 
llO • 1 i -- 2 

,.. 
" 

180 

• Ai 
t. 
;'.0 

i 
0 .. 
.c 
t. 
'-.0 
! 
• J. 

'I 20 

Flqure .-111 

t.. 60 ~Ul 

Scaled o.pth to lira Ift/MTonl 

1A'!:f""~_ 
-N1 -l~ - ") 

100 

Sr"hi ",>< t. DoIpt" 1n ftlWTl/\ 110-• • 1,1/1, 

N, - ", ... '".1 l't(l p .. r",.ntll~' 

" -!4.JV.l (')I .... -r'Antll ... 

./ _ ",ft v.,1 110 .... r'",..nt 111'1 

" 
• 

• 
.. 

1 

0 

::ject& Thl,,=A:I~ •• at 1"00 gal (690 N/c.~ J Le".l ..... c.A 

!fi9t> Yle1d Surface Burfit in Layered Geoloq)' 
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~-,----- ,_ .... _ ... - ..... ~.I"'''-.~~ ........... ~ .. '~ "">~'''''''' _ ... --.~". 

, 
~ 
D 

tba ~,~sl ,j~a .... 

~ ab~lute ... ~ eqa1valeRt ~ •• 11. 4i ... te~ 

an .,.l'Qft8nt -;hat 18 about equal to 0.5 

The equlvaleat ~ •• il. 4ia.eter and t~ ai •• il. .... are re· 

la~ b7 the expn •• 1on 

,' ............. _~~JI,..._ , . ..- .. ~I""'l"I!'~'<',~-,~ ';'\""!.'.~" 

where 

....... abac>lute .uiJM. .... liaS" gf •• in~le aia.\ 1e 

lit • total eje_, .... ~ 

8ow.".=, t.- aaxirl\Ul 81.aile aiae at a 'live., 

J:4Ul9 .... n .... aa1autb will be le •• th.ln the abao1ute aaxiJ!tua 

8 • wy a'l' (4-34, p 

ai •• ile .i.. to.' the (;...Uowinq re.laon.: 

¥ben 

a al •• U ...... 

• • ai •• l'. 4i ... ter 

T. • pn~ .it: wei9llt: of .. tedal 

Pro. .... 4-31 ... - 4-32. "1: 1. 

( )
-o.on7 

~ - O.S.,-,. JI.r '"c Of > 1"'(4.114 3 lOUj)~ 

(

if )-O.OU7 
Nt • o.S4rT, 101'; Va 

~ • o.s,rl'Va tv ~ It' .. f4 .114 x 10Uj » 

!be abaolute ... ~ 81 •• i1. aft •• of a ~1ft91. 

ai •• ile fro. a cr.~r1n9 ... ~t i. rel~ted to the total aiaaile 

ca.~ by (":. 4-22) /" )0 .• 
-..r · O.OS •• 4\r-lE 

(" )0 .• 
....... - 0.0793 If • 
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lbs 

(4-35) 

(4-36) 

(4-37, 

• The &Aximu. adaslle size at a 'liven range d~c~e •• es 

a. ~he range increa8£s. The absc1ut. aaximua missile 

aiae will bf.. tound .at or near the crater L.p. 

• The 1iaited are" of __ :.au.rea.en .. at a given ranc;.e I!md 

axiauth - .tans Vat i.n ger..eral the -..xiJtwe mitHnle 

.i%. ilt t.hat rtlnge will riot te found in the llleasure

..nt areA, 

Giltililr COil.~deration. appl: to ':he IDedian missi l.e size (SO 

per~nt c,~lative ejecta .... fraction) .. well. 

Thfl aa.(i.~ ~.aile II&S., -.. found at a given 

r~ 1. 9i .. o by ~h. expre •• inn 

( 
M ) 0.8 

.. • 9.1094 r-i& R;1.644 1bS 

(" )00' 
... • 0 .1414 l~ It; 1. U I N 

where ~ _ Jt.,V1/ 3 
. a· 

(4-"8) 

equation 4-38 w •• derived from ii!"ltp.d test da\':.a 

froa the flva lArge MIDDLE GUST events. the FLAT TOP I event • 

ana the MIXED COMPANY III event (Ref. 4-23). The actual max~

a..::... ai •• il ...... found in a given measureDo<!.tt area at SOllIe 

scaled rAnqe depend:.. on the ~aSUleme"lt ale" .soli th,:, aximutbal 

covera"e. For 6r~ •• ; of several hundred to several t h .... v8au:i 

:.. .. 8 

.~<. ,~ ...... ",,,,,,,,, ... ~.:'" io..~~,,;,;",I) .loll .. ' _ ........ '<1>-

~~~, 

.-' 
'11'0."..,,' 

c· 



~ 1r'IlO'_13'''~_'~'"'''' "'-<:.I ..... ~~,... ..... ""'_""""-~~,._.,.. _____ ~~~_ .~,~~~ ....... ~-

.--.... ~~ 

"-'" 

aqua" teet on a larp lIE eveJlt (crater vo'! ...... of ...... ral t ..... 

of thouaan4 cubic r .... ), a .. cli ... ftltW ~.. ....rw4 1I1 •• i1a 
...... , only be 5t or 1"\ of that predicted la, I ... t-ll. 

b Uipoct6nt ob_rvaUcn (Ret '-21) 1. that 
"men the "trect of range i. t.akaa lato accuunt.. ~ ~rt1cla 
.i~e di.~r1b~tion. 1n rock and ... , coheal ... tif' eol1. -.y 

not be .i~~ificantly different, •• pacialty Wben it i. not .. 

that t~a ~t.ua aia.l1e el.e fQC larve crateriA9 ... at. in 
cor";'; ,,111 pt-obab1y be CIIIXltroll .. br the joiet ~ln9 1ft the 

rock. lIowe .. r. the dynaaic ai .. 11e .be diatribatioa for UA

cOfteol14Aated. _ak, AOn-con..h. eoU. d1ff." .ignific:antly 
!r~. ttat in rock, and the .ta~ic 1I1 •• i1e 6i.a di.tribotlon 
dHfera a .... n aora. ft. C!yn.-ic ai.aila she diatr1bGtion ra· 
!~r. to t.he ~i.e dlatribution of tha ai8~i~. ~ flltht. 
Itstic di.trib~tion rafar. to sL ••• after all ai •• ile. ha~ 
falhn to the groun4. In the ca .. of hard rock 1I1 •• 11a •• 
the d)"nuUc an 1 .&atic particle .1 •• distrlb~tiOft ... , be 

v.ry .aUlar. For non-coh •• i".. eoila, the diffar.nce .. , be 

.~bs~antl~l •••• hock-aq91utinated eoil clod. "ill break on 
iJapact. 

"feren~ 0-22 pre.ant. data which ll1aatrate. 
the difference in .ta~ic paxticle aize distribution. between 
unconaoli4&;:ed • .,U «aUuv.{UJl) an4 hard rnck cr.~riJlt a"nta. 
The static parti~;3 .i.e !i.tribGtion. in aoil do not di::.r 
significantly froa the pr$-.ho~ particle ~1~~ diatribucion •• 
AnalySis of .. oondary t.pact crater. f~ the l~ kt (4.1" 
• 101'j, SP.CAn event I,.t. 4-23) indicate that the 4yn~.i~ 
~asile size distribution (sheck 8991ulinated eo11 ~lods) at 
.i •• ~le .i&e. about 1 .. tel' di ... tar aay .oll~ ~'* fora of 
Bq. 4-33 "~tja r. - .GOU7, .nd an ..... ~.i.t.ent ,,1tl! aq. t-17. 

ror uaconsolidated we_k eoils (e.9., wrs allu
viuml, the !ollovinq dyn~~ic particla an~ .! •• ila .1ae i,stri
bution ia recommended (Ref. 4-23) 
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IV'II
t 

• (418 ... ) 0.00147 

(4-39) 

for • ! 0." ft (0.1 ., 

JVMt • 1.104 - 0.0018109 r~) + [0.2995 - 0.0011 109 r;:;) J lot (l:t) 
for A < 0.'3 tt 

ItIItt • 1.2H6 - 0.0044 w{1.a) + (.,.2989 - O.OOll 109 (~)] log (;:.) 

fOl' • < 0.1 • 

• hera --. is Jiven by Bq. 4-14 uainq ..... fro. Eq. 4-37. For 
the atatic particle .1ze di.tr1but~n. u .. Bq. ~-40 fOl all 
particl. aiae.. To cSeten\ine the parti.cle size di"trl.buHon« 
in eo11 (a!:. ~.33 ft (0.1 a" and roc" at • CJiven ra.\(Je, uee 
the relation 

i.··fel) 

F(a) - 'a/ .. )·· (4-41) 

where P(a) 1. the ~l.tiv. .. 0. fraction over a 9~YeO Mea
sur ... nt ..area and .. i. tl'.e equivalent di,. .. ter o~ .. 48 de

flned in Sq •• '-3", 4-39 .nd 0-'0. The elCpo:MInt n .. y be 

taken a. 0.5 for hard rock geologie. and 0.001'7 for unoo~-
801i~ted alluvlal .011. POl' coh •• ive .011 or layered geolo

gi •• , n - 0.5 ls re~nde~ ~. a conaervative e.tta,~e. 

Pro. Bqa. '-3'. 4-35 a04 '-38 

~ Y'. ) -0.0667 (V )"0267 ( -000127 
• _ O.504~ 2- a W ) R:O. S48 ft 
-. .pel 1ft 1 liT -~ 

a. ( 

'Y )-0.0667 (V ) 0.267 ( )-0.0127 
O.5U~ ~ a W ~O.5t~a 

1M/a ~ lOIT1 
fW > ikT ".184 x 1012j) 

150 

(4-42) 



....... ~~ ........ ·t-1l;""·~~".'n~-.-....--; ........... -.... .. ,' . .......--~ ..... __ "'".,--._ .. " ... , _. ___ •. ~ ._ "..,.... ...... ..."....t ___ ~ ........ ~~ ......... ~~~ .... _~ tM-....... ~~~_" ... , __ ...... , .. ~_ . . _~ .... __ .,.,.".~ .... _~ .. -..~. __ "~~""<"'." ~"'~". , .. ,>~,,.. .. ~.,,\,~,...<.-.,...,.,,, .... ~.t:"''1f~~~~~1'j,.''''~''"'''f\l'~~ 

... o.so~~ (_YJ )-0.066; (. v \ 0.261 
,!PC? :7Jl 

1ft I 
.:o.su _.. ft 

I. y )-,.0667 IV)0.Z67 
.... O.5S'rK \Ult!! t~ .. -0.5 .. • 

'W !. U·t CC.U4 • 1012j)) 

.... re It 1. 1.2 for barJ !rOCk gao'.C'91e •• and 1 tor layen4 anel 
cabo.ive eo11 feOlogie •• 

4.1.4 ~ted .uw .... , of I!R!ctll UWI JU •• ne I!!p!ct: 
)in-s;5l-nm. 

~ axpe·..:a4 nuaber of ~t ..... r Wlit an. 

ot al •• Ue. vitia eqahalent cll_t:et:. bebMeA a 1 aDCl ~a 18 

9h-.n by the a'WNP.Jlon (S.f. 4 -23) 

ICa1 .aa' - f'D(.~-l - a~-3)/.Yp-:("-J) 

1IIb6'"':e J :. tNt .. ~rA areal ..... 1 t~ ot.ncI D i. tile axponant in 

the ~iela .1~ .ietrlbutloa .... tl00 (Sq. (-41). 

'to f:alc,,1ate I at a .11. .. r~, _. tuiA4J into 

aGf"..ouat thd .Utt.it.'lal d1atr.ibut.iOll of Sq. '-H. at , • yO, 

'Ablan t:be aver ... ajecta cleptb 1. '.:!ale"J.ata4 trca Sq. 4-23. 

To find t.~ e~ "\Uliber flf '''1 .. i.h ~ta per 8qQ&re foot 
of abail .•• equal to or lal. _ .. r 1D ~ival."t en .. " ... thea a. 

let a l - a, ua4 a2 - a. 1A &4. 4-44, vbare .. 1. cal'::1I1rtad 

froa Sq. '-4a or 4-4l. 

".. prob4bUity of Ulpact Oft a .1"~ ana af 

Ili •• ia .. 'witb ~.alent eU_ten betwaaD a1 &nd "2 can be 

e.t~~.d by (!at. 4-2J) 

~ - 1 - axp [-1('1 + a1 )(12 + )1)] 

"'-re "1 ant '2 an the 1angt:la aDd vielth re.pectt".ly of the 

91".. area. 

151 

(4-43) 

c .. ,., 

(4-45) 

4.J.~ Ejecta '!pact Velocities an~~~ 

Code calculation. 0- the trajectori •• of 1, 10 
and lOG ca dt._ter .pher •• thro'..il}h 0.1 NT (4.184 :If; 1014j) and 
10 Mr C4.\" • lQl'j) Duc~.er aurface bu~.t environ~nt. ere 

prewantad in "f. 4-24. ~~ calcul.tior. •• 1~ anGlyzed and 

fitted by equations in Ref. 4-25. The result. a.e give,ll by 

the tol1owin9 equat~on.: 

Vi • 5.671 (f(/U~19) 0.5 exp(- ~) ft/KC 

tft ~ Ron] 
(~n2e) 0.5 ]l ) Vi • l.lll --. - e)1(l- (- i~ lIl/aec 

O.S 

Vi • 23.0.[{t1t)(~~)(~~)] ft/ •• c 

(It > Ro/2] 

ft I Y ~ JI1.S 

V~ • 1.011 eIa)\llI~.lJ (~4~ a/ .. c 

wher. 

~i - i~.ct ~locity 

Ko - 'O(l;~f)(rlt) sinC26/Cd ) it 

- O.S71(~~.j) (l~) ain (Z 6 /Cd ) • 

R - ejecta iapact ran~e 

a .ffective .1&2\1e eli ... ter 

'p - ur.it weight of .. t.ri~l i~ cratelod region 

e • initial ejection "'91e ~ft.ured from the hori.ontAl 

Cel • elrag coefficient 

• 
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r'· 
\ . 

(4-t6) 

(4,,47) 

c 
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"'-" 

A no.1na1 ".1_ of Cd • 0.6 i. ro~de4. wit.h a poe,sible 

rAftge in ar.,. c')flfticieot.. ()f 0.3 to 1.2. A Ylll_ of ., ... 50 

CaA be t~eft .... no.in.l e~ectlon &n41e. wit.h •• 1So and 

e a 1So a. rea.dnabl. bowIdin9 .alue •• 

Alt~ 8ap1061ve y~elel a(:~ct. t~ ran .. 
l't totbict. a 91 .. 0 ai •• U. "Ul illlPact, an ai •• n •• ,,1...ll the 

$'" .al_ of e. a. y,.- U" Cd that illpact. at a ~i .... ranc,e 
..,ill do so vib" il"bOUt' thIt .~ velocity, A'J.rell ••• of the 

yield a&\I, uitial ejec::tioa ... loch,. lJIpact. an9l.e. ted to 

b.aw &OO\tt. the alae .... it ... a. fljectioll &1:.91 •• at tile 

bither oYerpreaauA 1 ... la. At the lower ovetql4 ••• " levela 

(Hveral pu anet Le •• ) Uae 8n91e. u:e lIOre nearly vertical.' 

For low yield "uclear bunclJ, tbe _~ Mel ejectiao UCJl •• 

lifhoeld be ne.rly t .... __ at neall, all r&l\98 •• 

4.3.' ~jecta ~tiQft S--art 
Table C-. p":'eHntJ .... ..ary of t.he ~l •• 

teras .snd .... t.. used in .iecta p;-edictlao. 'l'be ej..::U pre
diction ~.tiOD. and pcoeedu~. are ..... ria.a in ~abl. '-5. 
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v 
0 

v a 

• 
IlOl 

-. 
Il 

a.s 
D 

D --
D .et 

"aia 

D 

6 

Y 

Yp 

a 

a • 
I 

• 
v, 

A 

Cd 

9 

...-face ~n «tot. wol_ of 'IIW 

cnt.a~ '101._ ,",.-ted foIr ....... 0 _1_ Qf .... t.. if Me ...... \') 

...,loa1 .. rw14 U • .-pa1'Ml_t 'P'r aUu, 
beltbt. of .... t. 

-.till 
o 

trOIlft4 Ira", 

1/Yl/1 
a 

ej.n. et ... tb 

IMJ:iaa .j~ ~ (grMt_ u..a 9S. of tbe ej«:t.a. __ ~t& at 
8 i'i ... rtlb9l'; 

1tH.!.ac ~1ecu depth Ct' .... teI' tMIa 50' of the ejec:ta ...... ..-au tt 
&\ 91-- nAfICl) 

:::\"1 .... ejec:ta cS.qlt.b (-.11_ thR 95, of the ejac ... ~_~ ott; 

8 ,he. rUUJt.) 

''''In..,. eject. dept.b at. 891 ..... r .... 

a&.\_tbal c1iat.rUNU,oo "uiable - ~oeat..9' pcobUlJ.l1ty ~t • Fe
.. hc.:.4 ejecta 6f,pt:b will be ~_tu t.bM .. randcaly cboMII sjeeta 
44Isa1:b at ~ ..,. .... I) ...... D.,.. are kDQIID e, .. 'ta _eal denaity 

bull ullit. _iCJbt of eject:. 

pre."''" UDit _lght 1A cratered l'89ioft 

equi~ al,.t IUs.ile cU.-t..r: 

..u.n. ainU. 4u.. T fouo'4 8t. ~. 91 ..... 1'&aI)e 

exp8C'.e4 Dlllbey: of iapacta per: 8qUAr'8 foot of ai •• U •• with eq\ii"d_t. 
41aaet.artl betweea 8

1 
IPCl ~;Z ......... 8

2 
fa the lar,.w; ai •• tl .. aU. 

pc~' U1ty c;o« 0ft8 oc: ., .• 1I1 •• U .. with equ.i ... l_t 4u..tera be~ __ 
8

1 
aAIt '&2 ~!ft9 OIl ... u .. with length 1. and wi4th 12 

.b.11 ' iaFect. _locity 

41: .. ,. .fficieDt (ftI7.&1a&lly UKJIot; 0.6 foc: uvulAI' fn9MQt8) 

a1a.i~ eject.ion M91. 
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~.w. t .. , 

...ur or &aa'& ftlDlCI'~ ~I~ 

.... p.!i!I! .. "'~,..We 
1. 

J. 

3. 

.......... ". ~. PU-.nl* 4.2.2. 
II1tIIl ~ ........ '" ! In C4.1M • 1012 ,U 

". • O.Cl'"o ... C-U.l a,' 
" •• 0.05¥o .... CO.OOll ... ' 

" ••• 0'7 " (O.IJOU _ a,) 0."" • • ~_t.e .... ''-14 ...... N c ~ 

". • 4'''''0 CO. 0216 - ":,,0._ 
" •• :...0""0(0.00)) _ ~: J. n 

... > a.ou, 
C~ .:.. _, .! o.ooa, 
co !. .. !. -0.1) 

co !. a, > .Q.C"$, 

(-0.055 ! a, !. - o.a, 
_tile rou .............. CM:"'~) to .... a.tae~. MIIu.. Ri.a.I..a .. .". .... ,ecta dItptN. . 

D.ax • .;" ( •• 'M1 •• (-a.U .... ' • '.~C-o.)79~)] 
8..s • w!'J [O •• I1 .... (-J.~ ... ) + O.Ol66aapf-.S»-,,] 
D ..... ~1 {l ...... '-a.',.ai • 0.0062" Q(-.t.,ua." 

1.1) . i - "; r· 74h1rp(-J.-., •. OlMap(- • .uu.Jl 
tID ~ _ ..... 1 .... :l~: fJrc. _ .~"'ta ~. D. _ 

(1-11 

(a-4I' 

(S-l) 

(1-4) 

("-5) 

(,-6) 

'1-7) 

(s·a, 

(5-9) 

, - 10 
(1-1.0) 

4. GIlol.ow~. 

.., \1IIGIlo9r ~ u ...... ~ foe ..... nett ~ Ja WJdi CMIt D (_ ., U .u.t.ip1J.e4 br' 'to 

au.tb1 DbUU!!Uce 

M-k ~ to 9C) 
DW • Daja D ... 

~ DeS) - DIda' I»(SO) • D-S' 0(95) • D_ 

~a~1l1tl!! PI!!f:!CUd ~ of :I:IIIp!<:\! .... unit .. ~ ~MU..!tj.l~ 

1. 'a) tv c.aCllUU ~ ..... ~ of iJIIi'IICU .... \ait nee ""'" ..... 11 ... __ 
wUll f!qU1¥1!l!..at .t-ten ~ .1 ... -Zo aM 

('-It) 

II-I n-J a J: • 6b(~ - ~ '/Wl'p •• , .. - J) .'-12) 

lSS 

table .-5 (cont., 
8UMMMY or ""E~A PQ1)ICTIOIf &,UATIOIiS 

• • 0.5 fo~ bud .nJCk. IIAd 0.00147 t~ ~l1dated aU\Nial 11011-'foe cohe.i".. eo11. ~ l..llyere4 9II01o;iaa .... O.S is nlc_~ .. 
• GlClDIMIINaU .... u..t.e . 

_. _ O.SOU --..&.;, ~ ~ R-o· S4a ft ~' T ) -0.0617 (" ) (1.2" ( )-0.0127 
,. , 1 f\. ~ lk'l' S 

•• 0.56.- _-_ • ..o.s.a (~
..o.0667 (Va) 0.267 ( )-O.012~ 

• 111/." l,al 1012j I· 

a •• O.SO" ~ --L .-o.we It (
., )..o.~7 (' V ) 0.267 

1ft) S 

a • C; ,S57Jt _ '..!... • ..o.54e 
( 

Yu) -0.0667/ v ) 0.261 
• ltv.1 \lal 'I a 

(\: • , aac.pt. fw- t.u4 ~ 9Wlo91 •• , ~ It· 1.2). 

(l~' 'Il. e&lulat.e a r.....u.al '1'&1_ of I at • .,iv.n r~ l.h 6 ., 'fD. TO 11M t ~ ., ... ai .. U." equal to or 1~ iA .Ii_uu' than .... ftl_ a. Uf'4 -I .... 'Ie! ., • a. ill Sq. 5-U. 
IIot"c Q. 0.00147 t. "ali4 tor ..,11. ODly foe. > O.ll t.~ (0.1.). PIx • ~ 0.33 tt 10.1 II) nfer to ..... xt. -

~. • • 1 up [- lUI" aJI il2 + a1)] 

...::-... .... i 1. calcula~ f~ Ilq. 1-12 . 

~",..~ 

(Y.1DlI 0.5 
V, • 5.673 Ut ) ( 

.) \ ft,,. ~.c 
a.'P - a [. " a /2 J 0_

0 v, • I.:'::' (Y.l~e) 0.5 '- '.!..)' aiM<: .. cp \ ·0 
Vi • U'08~(1:t)(~X~)] 0.5 ft/aec 

V ~ (1 )U o
•
s 

"i. - 1.011 (li"UV~l) C; ~ a/roec 

!!oft 

r k > .0/2] 

'1-13) 

(1-14' 

(5-15) 

(&-1., 

(S-111 

r 

c 



"~~"",,,,#IWIIIr_;~ """"""'----,..........---- ..... " .. - .... ,~.'" .-,,~,---~, ....... 

""'-" 

~~,.,..~. 

v 

1' ... 1. ',-$ (ooot.) 

......., 01' ....no'A '!aDIC'l'IC* IDQUAftOlW 

wtwn 

.0 · 90(~) (lit) e1Ane'C;a • O.51~u!al) (~) e1a(JtIC.'. 

• ~ .,.1. of C • (1.6 1. n • G. J. .. 1_ of e • (S· ... 

b-. Uk .... ~ e:l4OC'tton -91- ..t_. wit'll •• U" ..-. e • 15· 

~ na.-.bl. botuaIlin9 _1 • .,. 

1S? 

••• JJ..I.IJ8DUIVa UL.tII"t • 

..... 1 CntH bel loU. !Of f 'ud.p! .hr!\ 

a. GI~. A 10 ~ ('.1" • 10Z;j) .urf.~ 

bar.t .t a tilt. caepo'" of _t clar ext.en41DfJ t1.) ''Uy 

laqa .. th • 

b. 

and depth. 

rURl. ~_t crater \'Ol~, ra4!", 

c. 8OUn'IC .... 

1. Tbe ",ter1ag .fficlency of a hlCJh 

rieU lUlc1eu aurfar.. bur.t 1n , _t clay .it. ia g1ven 

bf "fable 4-1 .. 200 ftl/toea. 

2. 7be ",t(~ volu. 4". to the DUCt.-r 

fU'face lNr.t it t~ 

V, • a:-
'. - (10Mr)(10~') (200 ft'/taD) 

v, • l • 10' ft' (5.7 • 107.') 

). ~,ter reli"" aa4 ~ are .atiaat.e4 

fftlli .19. '-10 , ..... -, ADCI 4-7). For. 10 Jl yi.14 • 

• ;Ol-an , 
••• (2.51) (a X10'jl/l 

., • );'0 ft (", .) 

~. 0.17 
V, 

D •• (0.11)(4. 10')1/1 

D~ • 21. It (65 .) 
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. ~ 

-.--.---- ------------

1. Pl'OII P19. 4-4, VIVo • 0.11 1'Iaue. 
V •• (O.ll}(J x 10') - '.2 •• 107 f~l (1.7' • 10' .', 

t. The boUDds fo~ tM eppueA~ oratel: 

ra4H aad 4.y.ha are obta1...s f.o!:. ~.a proce4wre de.
eritlecl ira pu84)raph 4.2.f. Tbt ~a41Q. c.lcQ1a~ frca 

... '-i i!J 

a •• (1.2) Ui.l4 • 10·' f~l)l/l (20) ".~. - to5 f~ (U, .) 

Ai; DO.IV!/) - iI. 2. Uw: cn u.r ...... J.UfJ fl'Oll 1Iq. 4-4 b 

Ra • ~1.2' ~1.5 a I • 10
7 ,111 

• !'2 f~ (165 .) 

,.~ .. v.pper boua4 tor cr.ter r.tiQ. i. t~tU'~fore 542 ft (165 III) 

'l'Iae crater r .. J.1I. of a .uface b .. .r.t fn. Bq. ~-t i. 

(1.2)('. \07/20)1/) (20)°·0' • 24~ ft (71.'.) 

'l'Iae cratar red1u. u.109 Sq. 4-C i. 

'1.2) (6.2' • 107 )1/3 • .76 ft (lC5 .) 

Tbe lever ~ for crater ra41ua i., tbe ... efore, .76 ft 

045 .). ,.be DOA1nal value for cr.t ....... .JI41\1,. 1 •• • 

(sn + 476)/2:11 509 ft (US .). The val ..... foe crat:&r 

4~tb are calcul.ted fl'Oll Bq. '-I:, where f • (O •. U .. 

0.44 (20) -0.0')/2 - .415 (where j! "' ••••• ...s ~o be an 

ultm.etlo ."' .... ;:::-. of t.M •• lua t!oz' OOBIV!/3 • 0.2 aDd 

tile vahat.' fOE ooa/V~' 1 • 0). Pn_ ~. t-I. th. lower 

bound (or -:r.ter depth (u.in9 thin uppu bouDd for cr.tar 

ra4iwa} i • 

D. u 6.2' x l07/~.)(O.'15) (542)2 - 163 ft (4'.7 a) 

!'JYo u1lFu ~ fo ... cr.u~ d~ h 

D •• 6.24 x \O'/(w) (:.Ci5) ('76)2 • 211 ft (, •• ).) 
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'I'M ..u.al orat.ax 4.»ptb if; 

D. - '.24 x 107/(~)(O •• 1~)(~D,)i • ItS ft (56.4.) 

(AD avuage of tba upper and lowex bound. 9lv.e 187 ft.) 

••••• Crater fI!4i£tioe 19£ • Low Altitude Airbur~~ 

•• GrvEMl A 1 MT '4.11. x l015 j ) buret a, a 
beJ.9b~ of l5 t .. t (1.6 .) above & wet e1.y .ita. 

b. PIMD. ~ont crate ... vol,,*-, nldiu. aDd 

4ep~. 

e. IOWTIOM, 

1. Aa .... the wet cla,. us cr&ta:.iA9 

properti.. .1a1".... to tM wet ol.J> u.,.t.o j D £XUipl •• 

4.4.1 t.hr;o\lgh 4.' .J. 'I'M cr.ter: V\)lu.. due to • hAlf

burJ.ed 'fM'f buret ot 1 M'f i. tbcD 4 • 10' ttl. 

2. !'be aw::aled ba19bt of buret ia 

BOa _ 25 

;m ,. x 1"~)'l7J 
o 

~. O.~li 
V-,~ 

o 

l. Fraa Fi9 •• -4 the noX'iMlialld cra,er 

vol_ (V.IVo) for • ~.led hei9~t of bu.t of 0.016 ia 

roacJ •• 

v. 
Vo .. 0.02 

'I'ba .... fOJ:'e,.the a!",-::...:_t ex.t.er vol .... j;, 

v •• 0.02\. x lot) 

v~ •• x 107 ftl (2.1 x 10~.3, 
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t. fte,~ ___ r..uu &Ii4 ~ 

-.n ..u.~ fna "2 ........ 4·'. .. a 1 .. yl.14, 

.. _ (J.ot» fl • 10',l#'1 

aa • tOl f~ ca75 a) 

0 •• (0.111"1 • '07,1/3 

Da • t. f~ (2t a) 

•••• 5 Saw !F4IptlO1 t. a !ilel" LIm G!olm 
a. e~. A 1 _ Ct .11. x lOl5j) .... rac. 

burR at a .ita ac: .. c _II of 100 'eft (lO.t a) of .. , 
clay OftI'lra. eMl. _ida eata4a to 9ret't ~. 

b. r ... ~t crat.c 101_ ...... 11"'1 
.mil t.ft ... 

c. ~c 

a.euma DOa1Ml wet 8011 ... _~ eon 
rock laigll rJ..t4 Rkface bu.t ~auc1.D9 aUlo1eDCla. 

('I'abl. "-3) of 200 n 3/Wn ud 100 ft1/toA 1a tJae vet 
clayaJ114 v.t abal •• h~h.ly. ftae Cl'~ lr01 __ 

ta a vet cl.7 balfapace la, u...f •• , 

vv • (~OO ftl/toD)(lO~) (tMr) 

V - Z • 10"tl 11 

'rIM oratar -..01_ 1a a vet .ba1. Mlfapaoe U 

t 
VL • (1t~ ftl/toft)(~) (~) 
\?L • U·'tt

l 

2. -.uaUoa .-1 .. , 14 u..a • .;0 .aUlNu 
~ .ffaut of 1.~1D9. 

In 

, ......... _"\--._"..,.~,~ W .. ;;t'l. __ .~."g. ..... ......... ___ >~ 

or 

v-V Jc "u - V
L 

• 1. - aq(_5.~/1) 

V - 10' 
(1 • 10') _ (101) • 1. - tap -5.4(~) 

V· (l - cap - (;¥A)) • 10' 
.. lch .uat be aolved by it.ration. 

3. Aa a firat trial ••• a~ tba crater 

18 DOt iafl~ by t-.e layer. An eatiJuata for V 1. 

tbeIl 

y - Y • 2 a 10'ftl 
\l 

yl/J • SIS ft 

A ==- •• tt.ata for V ia 

V. (2 - eap (- ~)). 10' 

y - 1.'0 • lOll 

~ ~1t10041 iterationa r.ault in an e.t~te of the 

cratar volu.e in the 1ay.red 9001091 of 

Ya - 1.6J x 108ft l (4.61 • 106
•

3) 

aote tbrt thl. vo1u.e .. y be obtained directly ~rom Fiq_ 

4-' ainc. ri9- 4-' ia baaed upo~ the no.inal crat.r4~g 
.fflcitAr.! •• of T.~'e 4-~. 

4. ~he pr~1c~" crater radiua and depth 

froe Sq.. 4-6 aDd 4-7 are 

a •• (2.09)(!,63 ~ 108 )1/3 

aa - 114a ft (34i .) 
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"--

",:;;\.,~ •• ho;~.~ :~ , 

0a •• (.'11) (l.U • lO~Jl/J 

ua • 11~ ft (36 .) 

•. 4.6 C~ater F~.dictl9Q l~ _ Yw~ L.ver Geoloqy 

a. GIV~~ A 1 11ft (4.114 • 10U j) euface 
burst at a aite ~.e4 0: Ino toet of el., 0Ye~lyln9 

lJbale with a watet' tti-le at a depth of sn feet (115.2 .). 

b. PUIO; apr.rent: e.rat:er ",_1_. r.-ll.ut an4 

depd~. 

c. 8()L(JfI<'-' , 

1. ?he .1~ consiat. of three ~t.rlal.: 
clry ellaY .... t clay and wet ahale. l"he enter 'f'Ol_e in 
wet clay a'Jld ... t: ahela !waIf space. arc. ac~ the a4lae 

al i.) Ex. 4.t.5. !'be bl9b ~ielel auface buret ~r.terin9 

efUciency in elry clay 1a .. ......-t ~ lie the noa1nal dry 

60il cr.tA~in9 effieieney of reble 4-l (7r ftl/ton). 
auin, tbe no~&tiOft of paragraph 4.2.3. 

D~y ~lay~ VI. (70)(10" • 7 x 101ftl 

Met cl.y: VZ • 2 • 101ft] 

Wet aha1e, Vl • 101 ft] 

2. The en.t.er yolu.e I 'aociateeS with the 

ai&U. laYfti:'. 50 feet of ... t clay. &liel UAclerlyiftC) balf
space. wet shale, u detenUne~ using Sq. 4··2 and the 
-t.h04 11luatra<:eO iu b. ".4.5 to ~ 

V2 ] ~ 1.4 x 108ft] 

Equation 4-3 is tb-n 

V - n.4 x~ 
,7 • 10'l - (l.~ x 10 ) 
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• 1 - .exp (- 5.' Vi~l) 
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or 

v • [7.0 + 7.hap (- ;},!j)]. 10
7 

l. l"akiJl9 VZ3 .. an initial .~U .. t. of 

V yieleSe • DrW e.tiaate of ~ a. 

[ L l70)~1 7 ,V. 1.0 + 7.hXl-' r !IJ~ • 10 

V • 1.12 • le' 

Po~ ..scUtional itarl'ltionll reault in a final e.tlaate of 
the ~para~t crater YOlu.. La tbe. layered 9.aloqy of 

Va • 1.10 a 10't~l (l.ll x 10'.', 
"4ti~. arel dapth are en1aat.ed .. iUuatrate.1 10 Ex. 4.'.~. 

~4 that .inee noainal crateriaq efficienci.~ are a •• uaed, 

the crater volu.. re.ult ~y be read eli~tly f~oa Pig. ,-to 

4.4.7 Ijecta EnvAronaent Prediction 

a. GIVElIa A 1 1ft (C .114 a 1015) nrface bu~~t 
a~ a .ite with a geology .. de~crihecl in Bx. 4.4.5. 

b. PIHD I NaxUlwi, -.cSian. JainiaWII .,ncI a __ r..,. 

ejecta elep~ •• i~ai1e 8ia~ diatributicm, lJIf'fU:t ,Jrobl1!bi .11-

tie. aDd terJainal cbu'ecterieUca at the 100 ['ill (48.9 "/082) 
level. 

C, SOLU'I' lOll 1 

1. Th. equations r.t~rreel to ~n thi. aolu-

ti.'~l are found in Table 4-5. 

2. Pro. Ex. 4.4.5, the apparent cr¥ter 

~1u.e h 1.6] x 10lftl, Pro. Fig. )-4, the '.00 pai level 

fra. a 1 MT surface burat corAliponda to the 3.00 it ra.n~. 
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-_>"""'.4"'f;1~1'~ 

,. ~ Kal" J:-ve of lDt-Jan.t I.. 
• .... ;m 
a 

• __ '40~ 
U., l-;iOl)17J 

.. • 6.22 

ft .... t.. .jecta depth (!IIr. ~-') 1. 

D .. (X.63 :. 10.,113 (~."'''''(-2.121 :. 6. U) • 0.044,..,(-).'''' .6.22l] --
D ... • 2.2~ It (0.1' ~ 

'l'M corre8JolOft41og arual -4emIlt7 (Sq. 8-10) .... .ta9 a 

bulJt .ject.a ..u.t .. i.ibt. of l~ lba/nl. 18 

' .... (100 lb./~tl)(2.27 ft) 

..... 211 lballt2 (4.7. ~,-2) 

lle4iaa AD4 1II1ns.-. .~eeta dept· ... (Sq •• a-" and .1-1) aA4 

areal daft.iti •• are calculated .1al1~1: a. 

1. 

Da.« • 0.32 It (O.l~ ~ 

6.-4 - 32 ~/ft2 (0.'" R,a2, 

DaiD • 0.0" It (0.01' .) 

JaiD 4.6 !b/ft2 
(0.'96 R/.2} 

f. 'I'M ... r,.. .j .... -ta dept:)i (8cJ. a-,) 

O. (l.IlalO·)l/l [O.7,,~xp(-2.'O&6.22) + O.016~(-o.~21k~.22D 

6 • .66 It (O.lO R) 

; • " lb.,lt2 
(1.1' ata2) 
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5. The .... i.aua aieeile ,Ii __ . ~r at the 

100 pal 1 ... 1 1. 9ioieR by Bq. 8-13. Takinq ~ • 1 and 
..eyain9 tt. lnaitu t~tal unit .. iqht in the cratered 

re9ion (Vp ) to be 115 Ib/ftl, 

... O.S04(1)(125)-O.O'67(l.61~10')O.267(103)-O.0141(6.239)-0.548 

.. • 18.93 ft (5.8 ./ 

6. 'l'ha expe..:te.:.a nWllber of 111PActs pel: 

~uan foot at a 9iven ran'ill fr.ot.. 818.ile. with equiva
l.nt 41 ... t~. between -1 and ~~ i. qlven by ~~. 8-12. 

'failiD9 n - 0.5 .ince the q8010gy of interellt is coh.eive 
and lay.red, an4 D • 6 and ••• uainq y - 100 lb/!t 3 , Eq. 

8-12 beCOlle8 

I • 
600(0.66)(O.S) (a;2.S - ai2.~) 

.(125)(11.'3)°·5(-2.5)----

I - 0 04U{a-2 • S 
• \ 1 

-2.5\ - ~ ) 

".~lta for .1eeil,. with .quivalent diaaetera betwe~n 

0.01 ft and 18.93 ft .re qiven in Table 4-6, where a2 -

~. CAd Al - A. 

7. The probabi li ty of the !alpact of at 

le .. t CAl. ais~'le with eqlal;;:lent cUuaeter beLween "'1 

and a 2 1s qlv~A by aq. 6-15. 

P • 1 - exp [-1 ('1 + AI) (12 + 6 1)] 
PJ'obabilitif'!S for II.ll:1.;ile iapacts on tar,e(. areas of 

10 ft X 10 ft, 50 ft by 50 ft And 100 t.: b:' :00 ft 

for various 4i .... t:er .. iseil •• are aleo given in Table 

4-6. The probabilities Are plotted a. funciton of equiva
lent .ieslle diuroeter in Fiq. 4-19. The iapact proba

bilitie. in Table 4-6 ~n~ Piq. 4-19 are the p~oLabi1ity 
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.. --....~ .................. _ ......... ________ - >0_--'- _ .... _____ -~.~ ___ ,. ...................... , 

Mi •• ile 
Di~aet.er 

(ft) 

0.01 
0.0:5 

O.OS 
O.OlS 
0.1 
0.1S 

0.~5 

0.!.i0 

1.0 
1.5 

2.0 

~.(t 

5.0 
1.0 

12.0 
15.0 

17.0 
U.O 

-' 

~~i:i:.;~\P ..... '""'-

'l'able 4-6 

P"~J.d~:',·y or IMPACt AS A I'OIIC'I"{Qa Of' 
mSSIi.i. DINCn'Ka lOR Kuo7LS t.t.7 

I I~.ct Probability 
• ....,.ct:./ft.2 

11 -'2 -10 ft 1.1 -'2 -SO ft. 

4"0 1.0 

j 
1.0 

470 1.0 1.0 

n 1.0 1.0 

)0 1.0 1.0 

1.5 1.0 1.0 

5.3 1.0 1.0 

1.5 1.0 1.0 
o.a, 1.0 1.0 

0.046 1.0 1.0 

0.011 0.89 1.0 

1.2£-3 0.69 1.0 

].OB-3 0.39 l.e 
I.OB-4 0.11 O.9i 

2.3B-4 0.071 0.5] 

6.3B-5 0.03" 0.22 

2.4&-5 0.015 0.095 

'.21-6 0.0061 0.40 

4.01:-6 0.0031 1 0.011 
~ ---------
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'1 -11 -100 ft 

1.0 
1.0 
.loll 

1.0 

1.0 
1.0 
1.0 

1.0 
I 

1.0 
1.0 
1.0 
1.0 

1.0 

0.93 

0.55 

o.n 
C.12 

0.054 
~--~-.--~ 

i 

I 
~ 

1 .... • 

t 
+ 

~i*ltj~O 
(lue;l.l •• 11 -fl •• H4 -II() .s • ..., l~ jv l;JlPd_l J<:' A~nlql!'qo.·;l 

110 

;; 
~ 

I 
0 

! .... • • • 

po. 

• •• .... • ji 
!I 
0-a. _ 
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of et le .. t ODe ahail. :lIpaet with 41 ... tel' f!>: .... l to 

or Vr:.4UI' t.b~ a. 

I. hrainal iJlpact. 

1IJIf ...... &-16 or; .-11. Taking e - .~ 

... a, Cd as 1, "p .. US Ibs/ft. 3 .. 

.. 11 f_t. 

• 0 • (to)(125)(11)~.in'0·) 

lLa • 1l.2SG ft 

velocity ia •• tl~t.4 

•• a noaina 1 i..,.ct 

4 a con •• rYa~l .. ly 

aqaat.ioa .-~, 13 ~ to .stiaate tapact velocity .lace 

~ 100 pa~ raAfJe 1. 3400 ft which 18 le •• than .0/1. 

.,... ~ct wlC'ei ty i. 

Vi (S 673) (3400 )0.5 . iIn§Oe ( 3.00)' 
exp - m~ 

Vi • 245 ft/MtC (75 11/-.:) 
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• .cftC'llllV 

S.l Di....,....,.a. 

S.1.1 r"':!1IJ of ~ ~Ir 

t'be ~ abooJt .~ oC ..... eUecu iDelUilea 

aU t:IMa ~iou .... U'an .... ~ 1ft the earth .. a reault 

01 a .-elau u.plo.tc.. 1&1. aect10D « .. Ie with frae-ti.lel 
9l'OUDd .~, 4t!f1M4 a. the 9I'OUD4 abot--k .... denceCI 1a u... 
~ of .t-..nact.-.. 1n t..'w ,,1c1a1ty ~.! tM point of intereat. 

ft·::. frM-f1el~ ~Ml\)lj) doea aot 1~ludetlle COIIPlicated 

intcact101l of au-. .... ve. "ttl! atrDct.ul" _tell will aU-.1: 

the .,rOUDd abock 1ft tM ~101l of a a~ructqre. on. probl_ 

gf at.ncture-... liua lateractioa" *icb " .. la with the uans
latiOli of frea-tt.14 9J:OUDd aa.ocJr. quntiti .. iaw l~a OIl 

~ ~lou of .~ .. # i.e u.&t-s ill s.otioa \,II. 

".. 9roua4 abodt iDlluc.t at a polat 1n the 

free-field ):,y • auclMr exploaif'A 1a • funcUoa of ...... a1 
vaT 1_1... i.'lC1QdlD9 

• __ poe t~pa ... yield 

• Bel9bt.J;;' depth of burst: 

• ....... and 4eptb >f tba poiat of lateJ: .. ~ 
• Geol~ between barat pout and the po.i.Dt 

of iAter •• ~ 

'!'be au...,th of t.ba ,round abock 1a propon 10a&1 to tbe ..,..~ 

of" eMIr9'Y coupled diJ:eCUy ute the 9I'OuM at the po11l~ of de·· 

toNltic.. and/OI' the foJ:cea induced OIl the gI'OQDd _dace bJ' 
t.Iw "ropagatlD9 &lr!:1laat. Ofte"~:.La producM bJ' a fullr-

:...JtaiIMd buret: 1.\ _tch all the 'JZ'OUD4 .. bock r.aulU floe the 

dir...::tl)' coupled enel:9Y. 1'be otbal: extr_ 18 pr.4UiC*l by a 

h1'i:l alt it\Ae buret in whicb all 9J:O'IACI abock 18 cauaed by the 
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&1rbia.~ va .. pusbiJ:.9 OIl the ,rouM f"\U'faet. POI'. bur.t at 
_ '»Ar~.~ ~ .w:f~, , .. oUDCI abock fre. both source.- will 

occur 1n COIIIplu cOlli :nation A. Uluatrate4 in ri9 5-l. 

Altbo~A the ,round .hock env1Y~nt at a point 
iD the fr .... U"lCi n.nlta fro. a co.plica·~ intera<:-tion of 

_'I'.y Cliff ..... t pbe~na an4 i. not theoretically seV.-:able. 
grv;.\INl .1IocJI: 1. ofteb cat.e90ria.4 __ .-:ordln9 t., aource. The 

fcll~1U9 deftAitionc are uead her.in: 

Airblut"Induc!4 Groupd Sh~ - UM 9round .tr.,.. •• 

and .at10ns caused bv the prePA9atin9 alrblast. 

Di .. ect-Induced Ground Shock - the q·ounl stre •• es aDd 
8Otlons cauaed by the initial atre •• wave due to energy 
coupleCI at tM wr.t point in near-aurface or und .... -

9round tNrsts. 

Crater-Induced ~und Shock - the late-t~ qround 

.tr •••• ~ and 8Otions CAUsed by crater foraation in 

crater1n, bursto. 

5.1.2 a.... for Prediction Me.thode 

The prediction .. ~~a barein cQabine nucl~r 
and h~ib exploel¥e teat d~ta with relationships and concept.
Clerived fJ:Oa theoratical And calculational atudie.. SOMe 

iatroductory ~a.aenta on available 4ata and present theoreti
cal ca~)i1tty are provideCI 1n thia paraqrapL SpecifiC data 
and ••• u.p~tona are cited in the pr ••• ntation of the ~tboda. 

The thxe.t of major interest in the uca19n and 

analy.t. of prntectivc .yat ... i, the nuclear aurl.l~ or near
eurface bur.~. Available near-aurface burat data consist of 

the few t.ata CNDductad at. "v.t'il 'J' •• t Site (1ft'S) and. tb.-: 

.~ific PJ:Ovin9 Ground. (PPG). t't. bulk of uncla.sifled data 
are ........ 1 ... in Ref. 5-1. The available dat.a have ~i~i~ed 
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4uect. appl1caU\Al fox IlDet pzobl ... becau.. of tIM UIl1qut CJa)-

1091 .. 0' t.h: i. •• t aU... XA general, t;be nuclear te.t geolo-

gi •• are not repr ... ntAU". of ~ "jority of alte. of practical 

bur •• t. .,..t. at ftS "'1'. COD4~..ed at ral.U,v.l)" ~entIO\li1 

.ite. of _:luYi~ or pl.va .ilt. ..tl~tlon/refr4~tion ph~ 

ana a.aociatacl "it.h .. jor lay~r inurfac.., aucb a. va"er table. 

or bard borlrock. are DOt. repre.ent.acI 1D t.be 4.tita. In ad41tion • 

•• v.r. y1a141Dg ~na .a.acia~ wit.b wet ~il., which g8n

era117 ...". low aha"r aUlAlgth under dynaaic J.0&4, are DOt 

uhi.bi t.eet • 

'l'be aVhi] ~' .• large yield teata were conducted 

on &nw1etok an4 .~~\ni Atolla in ~ fACific. The geologic con
.tituent.a of the ~t.olla include ~ral oand, .hella. coral frag

.. nt.a aD4 U .. ~tone l_yen. All ·~it.h IfTS .ail.. the Psc1fir 

9aologic .. ~ .. riala are not repreaent.atiVII of lIOat ait •• a prac

tical inure.t.. The fact that the water table 1. very cia .. to 

~ .urface ~n .oat. of the 'acific ~e.t. introduce. a ai911ifi

cant coatplicetion in title int.erpretation ;)f Pacific datAl. In 

additiOll, the ... 11 land area of the PeciUc Atolh ludted tM 

acqui.i·ion of ground abock dat.a and ra~ .. a the quG6tion of bow 

auch chr~ling of ground .hock wa. a~~li.bed by the ring 

configuration of the .toa.. Pacific <latA are gem"rally in 1010' 

overpr.8L 'Ce region. an4 atations are widely aeparat.ed. 

Non-nuclear teat data ara available fra. aiaul.

tion te.t. •• nd large high explosive ~.ton~tions. The Higb &.

ploat 'e S~latlon Te.t (BaST) haa prov14~ 9rou~d ~tion d,~. 

in vl.ri':>us t;eol09ies Ilftde r c-.onclitiolu, simulating tl"d'lt> l i nq ovt>r

pre •• ure effecta. Ti,e DirttCt-InducW High r..xploa .. ve Sitiulation 

Technique (DIHJ;S'I') baa provicied ground .,tion data in rock ~n.: ''''' 
.taul.tad di~act-induoad con4itioa.. Large .phere. of high ex

p',oaiv. h"v. ;>rov~ci-,d vari.ou. cc::abinationa ot airbbtl\:. ciirect

induced 4114 crat.aring e!facta depending on height of bur.t. 

Alt.hough the degr_ of nucle.r .. i.ula~ion e.:hieved 0)' the non

nuclear teat i. aubject to :'ispute, the non-nucl.itr data 
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J. , 
~ 
t 

pnwWe 1at,,~ _ _ t:M l"'11U ........ 101.' of na1 .. 1ovl.c 
a.;aoi&la ...... ~ __ to nalv.ate tbe OIlINlItiU~" ., 
~s.o. aaal..fUoal Mtboda. 

fteontica1 c.p"U1~~ ia 9A1UD4 .a.ook pnr 

4t..Xka ... " .. r ral09ica1 _4 ....... U., ......... luge 
......... ~,.. tM ...,Ue.Uoa of ~ ... 1., a.o-4lMa-
aioaal ulrr-t,'tio OOII~ ~ oodee. lucia oodea 
(C.9. f JIIaf •• 5-.-, 5-J .... s-t) .01 .. fb,1t. 41ff-..o. w 
fta1:a &i. __ t ~t..toaa .:A tM eq1aaUoaa of ~1,* for 

.~. ~ en oapIII,\l. 01 treaUIllCJ 14,..... .. ~1ala 

wldl oaaeUt.~ .. nlaUoaa tbat at.llau tba ...... "ioc' of 
nal .. 10910 .A~k1a. 

~l. aodea aUll ha .. "jOl:' rlNnoca
i.qa, bcIIiJe'...... ,. ~ ......... , uaabl. to prM1ct. lat:.

tU'ltl ~:aeaa 1. all _tarWa, parUC\llul~ PIA gill U

IIIJCiatad with .;zpt:;ed.8!J, ~f ... U8Cb ...a4 affecta a~ 

1AIl.o-,. 4ie~ f~ t:M u;ploaioa. b adc11Uoa. lu" Wl

CU"ta1nU.. rtlfMia with re..,..ct: to etIIU9J' ooupl1at for tJae 

nrfaca ~.~ coof1.-nt.ioa. Al~ tM co44aa .ra DOt Jet 

OCIIIPlat.el~ ptlrfectllll. tMy ClIO pco'Irida qual1tative aei9bt 

ut'o ttae an.aa of 8OU'Uutr ... to ... exteDt qu&IlUtatl .. 

nlatl.otah1pa bc.e:.... par_ten. 

5.1.1 oneiaoUOIl of tl!! 8ectlOft 

'file r_f..D4er of t.bia MCt.1aa 1 .. or.,&AJ n4 1Jlto 

aix .aj. PU&9Z'~ .. followal 

• PraFarU .... of 0.0lugia "teriala (Pua- 5.1) 

• .a.ut:a1aft-~ GrouDd Ibock ,Pua. $.J) 

• Dllact-~ C~ SIaock (Pu.. s .• ) 
• Crat.u IIIiIIIwA14 GrOWlld SMc:k ,Pu •• S.5' 

• ~lte G.~ SbocII 'Par.. 5. I) 

• 1l1..u.t! ... a...;.l.. (.U' •• 5.7) 

17' 

.~ ...... "....."'...,....,.., -,'04 'b.AJ!lI: ..... ~ 
"",., .. ,,,' ~_~"-\"J:"_"''''1iI''!!!'~f:t'~.~,~~_ 

Par8(Jrapb 5.2 cM"r1ba. the .ub6urtac. infor

_tloa _ad _ted,al prOp4lrti~. wb1cb .,.. DeCe.aary for ground 

~I ,tradlctiC'n. Bapt..uie 1. t1~ ~ ta. properties uqulrecl 

to UN t.:)a Mth04. 01 Uuc aanual. ApproxiAate lIIIoAtarial prop

artr valu.. are pre.anted for ... ill prelisiaary calculation •• 

G1'OUAd abock ~lcU,Oft _Ulod. are preaented 

U Ptar.."apbii 5.3. 5 •• &1114 5.5 wba.l:.h it ia .. ,.UIMMl ltJ.at .l1r

blaat-1n4uce4, direct-induced ... crat.r-1Ddyced effects Ara 

IDdepaac1ent ADd -'1" be predictad .. parately. "aathod for cca

bl1l1r1 the ground .bock .ffect. fro. tha various aourc~. i. 

~ ... nta4 ill paraCJraph 5.6. It ia a •• \IJMCI taat .iJlple .~r

p:-.lt10D accordlnQ to releti". t.t.e phasing "1" be used to ~-.

tiNt. the cc.:~~t. 9ro1lll4 mock env.iro ... nt at a point of 

iater •• t. Pararraph 5.7 pre .. Qt. UUlPla. which illul;tr.te the 

awl1catioo of the .. thod •• 

'l',w .. terial pre.ented in this aection a •• UiD88 

that the r.-4er baa an.e ~.ic und.rstanding of v.va prop&ga

tioa pMna.ana. a..f.r.aca. 5-5 and 5-6 .r •• Y9geated a. in

troductiona to wave propa9ati~. 

5.2 PaoPBM'US Of' <DOLOOIC IIA'l'DIALS 

5.4.1 Intro.Juction 

'l'be pradi~tiOll of groun~ mock ia strongly de

pendent on the pr~rtie. of the .. terial throuqh which the 

grounO .hock propa'Jate.. '1'bc behAvior of t'.l4t _techi governa 

!loth th. lal\qnitucl. of the .atlona at " particular point and 

the attFllut.ion of .ffect. vith d.pth an4 rang.. )"laId.nd 

laboratory Inv •• tigation~ ~.t provide infor.Ation which will 

allow the ealection of .uitabl. aita. for protective struc

ture. and •• tt.&te. of in.itu .tatic and dynaaic material 

propertie •• 

Sine. protectiv-. ~tructure. must w;th8tan~ all 

~ operat1n9 conditions (atatic loads. earthquakes. etc.). 
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n.w &JIll labOr.tARy 1 .... U .. U ... ,,1&1 .1"7. lacllliU atall4.rd 
p&'OOIM!.a.re .... 11081. to ooa...UOQal ~ .. a. al; _,,, .. 1 

coacouat .... tba .atedal p!'Operty tafo~t1oa tllUc:Il 1a !"'e-

.. 1~'" to .. ~t.ate beh."io~ ..&N' u\lCl.-r 10M •• 

.. in COGYeftU.oaal .011 .. rG:S MetAl:. _oa. u.. 
.. jor _t.r 1.1 pac_t.r •• ffect,1at r~ .1' •• t.re.~ .... t=r· 

anion beha.1ol' .... t~. !'be -ior CCIIIIPlu.UOIUt 1: 9rot\ft4 
#~)t p ... ed1ctioa • ..-1_ fr .. t.be __ for dyaaa1c ~1 •• of 

9tlO1OVlc _udala ov.r 1U1)e ueal ... eglcma u4 b) .,reat depth. 

....scc- COIIIpl .. t.M'ee-d~loaal atat.e of au... in l.-cSill9, 

1ILl~iD9. ..s r.1CN41D1. 

'I'M "jO&" WOla .... tor obtablnv veolOCJic 
pa...-_t.r. ere 

• Pield axplo .... tl00 

• Ioa.Arat:c~ 1JrtoeaUpUoa 
• l_it.D t._t. 

,... -.tent of 'tSploratioa an4 ia .. atigaUoa ... eqgu.4 fo~ • 

~iYOA .Ita ia 9O'ftlrnri 1a,g.1y by the 4etJree of coot14eDce 
:equ1red ill the pouAd Uoclt p..-edictioo. • .... UaiQU'J' 

.. t.uaat.. of low conf idenc. raeJ' be allll'A ... iDg oaly a .. leaic 

pro:;U. while ?llgher CODfidesac. •• t.t..atea ,,111 require exten

aiv. "ubllOU .aplor.UOD ~ ...,11n." laborat.ory teatJ.ag and 

i •• itu t •• t.. ,.. u .. of ~ dt.ana1OD.1 code. requi..-.4 d.

t.iled inforMt.iOll on .. t .... ial behavior u .d.r CCMPlel' aut •• of 
• tr .... 

It i. iaIpoJ't.aat to IWte tb.at to Utia pout in u... two diaeAaiona1 claculat10u baaecS I..pOA the •• t labor

.tory ~~.t data DOW obtaioebl. h... not beaD totally .ucce.e
ful ift ~r"ict;''l9 grou114 ahock. The 41fUculty appear. to be 

... OCiAted with an inAbHity to adequately lnaaura aU a.pacts 

of in.it.u behA.ic-r in the labor.tory. Soil aa.pl •• are a1wloY. 

diatur~ to .aae ext.nt due to • .-p1ing proc.du ..... , r.-o •• l 

(~ the qrOUDd. and proc •• a1ng ill tn~ !aboratory. 'I'he labor

.tory reapon .. c! ... U, intact. rock • ...,le. do.a not. .... fl.ct 

111 
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.-.---...".,.,.-~~--.---,-,---"'~" ... "". 

tM effecta of "lull,.."'" luit:. joint ..... Ue.Gra.. b a 
r •• ult, COD~t4a .... bl. at)fiMG'il'l9 jt.1dg_t 1& require4 1a 

g::OUDIl &bock pUlll'llcUo ... &'1!I9udl ••• of the p..-ecUctioa _tbocI 

.... loyed. t'ha __ .~ UMt ~t. 01 eubaoU inforaatioo 

av.11abla •• e~lally lAeitu bi;.a, the .are Ulbelligant1y 

j~t. oasl be applied iP d.e F ldicU~ proce~ •• 

lbe ~.Ai~tiOft .. ·.hoda p::-.aeated in ';.;hi • .anual 

req.dre a IItaovl...," of tIw .It. auaU9n,phy, the .. 1...-J,c 

profile .... t,.. ... tre •• -sUain bebador :)1 the 4Je'?lOOlic DAiu 

u.-ter • ~A-4u.e_ional euta of etta1". r.- follOlf·~ 

par.gr..,.. GUt11rae _tboCla fo ... ~in1ag the ... equired 1nfo~t.10A 

.,..01 pn.ant t}'Pical lIiiiterlal prGpe!:ti" vtlich .. y tie u.sed for 

pnUaiany calcu1atiooa. ~at.ory ta.te and indtu tMch-

Iliqu .. for oltta1nil4 _uriaJ PJ:\.6W'ny d.ta ~a.uy eo..- two 

41aaadoaal calculatioM ..... _leflt IleDUowM. aaf--..cea for 

....... tAiled if- "41NUoa oa .11 topiC. are p..-ovi4ed. 

5.2.2 Pi.ld !Xr10l'.UOD 

TN objecU ... of U.14 ~·lor.'tlOfl ..... to 

• .~tabli .. the t;ype. cxmdlt101'l. aDd an:~t 
0: ,..,10910 .. teJ:ial. in the. "'4)9ion of ilat.ereat 

• •• tUlip U- .. ieaic ~of 11e of the l.'~iOl¥ 

• ObtAill 9~u114 water inforuaU.OD 

• ObtaiA ~l .. for ~.tory t •• U,ACJ 

ftaa .. ,0..- source. of the nac..M.ry 1.for.-tio ...... 

• Vi.Wl~ h~i~~ 

• Llt ..... ~ur. .urYeJ 
• @ub:~t' .. :e clri111~" aIl4 ....,111119 

• GaopbYR1cal .aplo •• tloa 

Rafereaoa ~-1 1 •• u .. ful gui48 to fi.ld .xploration. ..t8~ S-. ~ibe. a .ubaurface axplolr&\..t.OIl padonMld in .~port of 

a .. jor sa .1.14 t.at .. r~ ••• 

The U .... t ate ... UJMl.rtall~ 1n •• it ... lactiOD ur 

specific .it. lnve.~i9.ti~n .bou14 be vi.ual raconnai •• anc. of 
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tM It.Aa and ~ C>~ iatoc.t.1oa ... i:..&.laJ.e ill t._ 'l ... ~. 
81 .. ria1U ~ JreOCrd ~ .... aJ. ~J09t'" ~ <tM ana. 
t:M OOD4iUoa ... q-pea of .t.z1IObW .. 1A ~ u ... -' ....... 
11011 pn-fU .. ia .. 19~'-9 CAit.c, ;"~n1.a. bl1&ff., .tc. 
D~i«:a _1t1l looal __ beer. a ~a.i.t.aU will ••• 11r rle14 
_ 1afoswat1oa _ lCl1C&l eon cea41Uou. po" .. tIeC \eYe1 

.... ~4epdl. 

& 1up ~t of iafO&al.Uf01l ,. teOlOu ... 
~r 1a .".1labl. 1a ............ ~ .\a~ .. t.boM of 

the 0.8. CIeol091oa1 .~. tM D.a. ~ or ~~1c..Jltuze. ate_ 9801og1oa111Un'eYa. u4 .. at. b19~~. 

..... hforstioa .. ~ ~ .1t. ri.lta 

UIIl Ut.ratu. .bIU .. ,,111 .UGW 6afinitioa of Ua eateDt of 

..at.1Ia1 axplot:adoa Mc.aMry. IA tenera1 •• ~ alte. Were 

eoll. typea Yar7 C' .... 1J' VI." where .@eoil 1afoz.atioa b lacIt ... 

.,... _jor ... 1ffu..-.ce betwHa exp10C'.Uooa foE' 

pzotaeU.ft IiDI .."..Uoaal atnactarea ia tba ateat cot the 

.u.urfaoe N910D ¥f 1.nt:enaat. Pot: COiiI.,.uoeal atroct~ •• 

~ .-olOV1.c _teo..'ule 1a U. ~.t. Yie1ait7 of ~ ftICUC

bare an c.f .t.n~It. Pol: p&'Otect1ft .tnct. .... t» _ter1a~_ 
at l~ G.eptb ut ¥'ange t~ tba atr~P.Cue _, iDfl-..ce re
• __ . ror .....,1., tbe t~ ..... 1n9 .... r.lative atnD9th 
.,t etf~a ardvi.Dg fro. tba pout of c1et:oeat!oe ....s frca t.be 

expan4inCJ airbl .. t are ~ It7 tba OOIIIPleta .-olocn ___ tween 

t.be biIInt pout aD! the poiAt of iDter .. t. 

Aft effecti"e neW exploraUoo will 1D~1'" eo

~ULlb.4 ~J't.oal &'Id Md ... pcogr_. ~ .. laic "trac
t 1.- AUrftl)' l. an ~Ttaftt 4J8OPIt.,..ic:al _tbod vide .. proYi4e. 

t..tfoca..t1oa CJC tbe .,.flU'U chu:aci:ariatic. of a r:eg!oa. ..1-.10 

r .. ~rktlQft "ault.a ahould fora a .. ;"r input. to tile pl&DDin9 of 

C\1bautace bOdAJ p~r.... t't. refrao::tiOil -.tbo4 1Iwolfta ax

plo41ng alMa dwu:gea 1ft .hallow bol •• .u4 ...... 1..., tbe ua".1 
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tiMa of 1Dduca4 .. " •• to poiat. on the .ufae. at. varyiAg 411.

~ fro. the -'"Ploalcm. I<.fl'actlon aw:vay r.,'llta provics. 

infOZMt1OD Oft t.be lau"al ~ay of IRUrt.4Iu ... jor lay

.d ..... ueb .a wet. taol. depth ancS doepth to t..Mu:ock, the loca

tloa of fault. ~. ~~~ otbel' diacoatinulti ••• and the pr~a9a

~iOA ftlocltiec ( .. lade valQCit.i •• ) of low-lntennity atr ••• 

...... ..l-.1e velocl(.i" an part.icularly iaport.ant ainc. they 

are v-.4 41r.ct.lt 1tl eo.. of the predictiOl' _thOOa pnHnted 
bltr.U. 

0t.Ml' aportant CjeOphyaical _t.'lodti wh.ich abou!.4 

be ..,lC>Y*l 1D n .. \4 expJ oratioa an 

• Upbol. v.l~lty log_ 

• c;...,. and "'ut..roft lO<Jai 

• alecUio 1.09a 

~ .. _tIID4. venerally are ellPloyad in c:or.juncUOfl with allb

auzface bor1D;- .ince they all require .. ~loratory bol •• ~n6 

pro,,14e 1Dfo~tioa ~ .. ful in correlati09 boriog samplea • 

Uphole velocit.y l~', To. with retrac~ion _orvey_, prov~de 

.. i.aic .. locl.ty dat.a. Since the priaary M ~ttctiO.l of travel 

1. upward. ~iSOll with refr.ction r •• ult. gives an incii

e~'tion of the iaotxopy of tJ."I .. tariAI.. In additicn. upho.l. 

w;l:~ity 109. uill raveal aeiaaic revcraala 'a 10Wt;il': velocity 

.. terial ua4erlyln, • higher v.locity .. terial) .hich C~~~~~ 

be detacted with r·~froction .orveya. ca-a aod ;.outran lO<Jd 

&¥'e correlatable vitb ineitu .. terial 4.~4~ty and mojsture 

OODt.ftt, C'e.pectlve'~ Electric lc~. provide da~~ tor •• ti
.. t1nq the water content and pe~..ability of the various 

attrata. Jef.rence 5-' prov'Ad'~ lufora.t.ion on the varioua 

.. \~alcal .. thocl •• 

There IJe no hard .nd ~a.t rules for def~nin9 
the ~th, nu.ber and type of boring.. In general, the bor-

1n9a .uat a- of aufficient nUIIII:.er and extend to a>u!ficient 
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dept.ll w ulaw ....--.Utioad .. aDd ...,li ... of all _tedal. 
wt\1ell 1Ia)' iAfllileDCe aUe recpor!M. ".. r~lta of t:M ~ 
na1aa.uaoe. 11teret.Uor4l &nd .. Uaic refract.1oa a .... ya IaI10uld 
f.x. .. jor i.ftIIuu .into av.bavface exploraUoa pla-.!II9. 'I'he 
eaplo.c&ti.<IIO pzotr.. r.lloul4 .. ..tabliablld by per ...... 1 t.borO\ll9ihly 
Z_iUar w.1~ 9~ -.bock pIMt c a I 01017 &lad the .. ,· .. 1Udt.y of 
.Lt.e r<t.~. to ,.oIOC1i.c par_t.er:.. ~. a ,.aeral ~. for 
oear-lIUrfaca KlNCtur .... bor1a9a aboul4 dlOt.: 1deatifjoatiOft 
of uJ. iftt.arf~ •• ~ :~~Hvrapbic UAit;.a \Ill! ch ~ovlde _ana 
by which lllCl4aat qr:o\lDd aback can b'-. ci:l.recte4 bact to the sur
face (e·t.her by reflection or beild " ... uu ....... loo). 'l'ypicaUy. 
tbia -..na t:bat bc.orifto,J. ebeN14 eate:)"\ toO baN beQ~ (a. db
tioquif'!b«i trca soft R'Cka. aQCb •• aba1 .. and Hn4atooea). 
For deep ~QDd a"Auctur ... bor1.D9. ~. uteD4 8Uffi
ci_Uy t»yond t:.be st.cuctura locatioa to allow 1cIeDUfication 
of r.Ueet:flllJ aurf.ace. W'~L:b _y a19a,~f1ouUy affect: rerpon ... 
-9flCial ~i. aboul4 be p1~ on UleaUfl'ill9 _jor faul t,,.. 

GroWlCl .. tel' ooDdiUOIIa. _ter tab1. ~. t:JIIe 
c...:l.tence of a perched .. tar tQ1.. ~rteaian _ter. .te. ahQt.!l4 
0. ~,..". 4ulag .xplorat.101l. If .. 1U1J8 va". '~ ia re
qui~~ at t.be alt.. ~1 •• , ~ phyaical and ch .. 1cal tee~a, 
teat wella, and puMpinq ~n4 injectien t.ata ahoul4 alao be in
~hade4 in the exploration. P-xt'OW pit 11l\! •• t.i9ati~. and other 
Ilhc.ll~a .t~h· ... y alao be f"'Irfoc.d 4uri.n9 alta ex
plcnat.101l. 

IallpUo'l pro..,..aurea ahou14 ... t.be .... t a .. ilabl. 
for tbe ..... rticulac _tartal. t'.c:blliquef calUlUl9 a aiDiaua of 
..... 1. ~iat~ abou14 be .. loyed. FJo'e-iDeA 4i ... ter .. ...
pl •• are reqtlirec2 beca .... of t.be 4.aigr, of ~ly aMId uni
qia1 et.ralra ""ooa. S-.pl •• of ..... u.er 41a1let.r CAll ... cored 
fre» the 5-iAcb 41_tar -..1 .. 1ft thea l .. ,"-at'Oi:Y for ~r 
t.lau. Plat_ t.n- or Sbe,U,y tulM ....,l.r. &X'e ~e4 for 
UDdiat.urbed ~l!aq of eoft. coh~aive eolia. Tbe .a4ifi .. 

lIS 
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hAiaoc .. ",,!.er (aef. 5-1) i. f;~C ded for bard all4./~ na .. l-
1y 8oU.. If it ia wt poaaibl. to Obta:li. uaduturbed ....,1 .. 
of 9l'ama1ac 11011 •• a apl1t.-epoosa a.-ple" ahould be uae4 in 001\
jUDGt.1OD with the ataDiIbN penet.rat'OIl taa~. DrHILng.ad 
ahoQJ.4 be avo.w.&t iD 4dllug and auplinIJ 9ra~ulu lIQib it 
at ul poaaibl •• 

'!'be drill1A~ ~i~nt abould be capeble of dr1ll
iDg a 6-1DCh di ... t:ar (0.15 Il) or laxgar bol ••• veral hundred 
feet 4*"p. It auat. bav •• hydraulic: feed travel of at lea.t 5 
feet (1.51 Il) for puabiag «utpl.n. Special ~lpae.nt IMy be 
r~red for iA,;~~~~a"'1OD of .itae for d .. p11' Wried at.ructl.lrea. 

COAt!.lQOWt Il&aPliD9 aboul4 be pel,torae4 in the 
upper 100 to 200 f .. t (30.5 to n .) in at. l ... t on. bolo. III 
Ot:b.r bol... 11011 .-pl.. pou14 be t&k.n at a ainiaua of 5-foot 
(1.52 Il) iaterval.. III rock. oor8 r.coverl' of 100 PlDrceat i. 

4 •• ired. A ainu.- recov.ry of 70 percent. for Uly .lngl. run 
i. a"cept.abl. provided tbe • .,er... recovery ia UC't. } ••• thaI:l 
15 percent. '!'be _th04 of coriDq in hax'cl.."OCk .. y b.;.. imy approved 
.t.aDdaN and accept.e4 .. thod of rock ~l'& drillinq by which COD
t.inuoua and co.pleta cor •• of at l ••• t ~ Qllli;~ .pacified 
dier:et&r are obtained. '!'be aao4iHe4 o.r.ieon .... ~l.r aanti0De4 
above i. r~ftIled for 110ft I'OCk. C'ltting aaaple. .taoul4 ~ 
talt84 in eacb exploratory cor J bole .t intervale of ewroxiaate-
1y 5 teet. 

CooUnuoua bore bold pbot09raphy ia dedrable in 
aU cor. bol.a thToU9h rock. t"he type bore ~-ol. e ... r. u..e4 
by the U.S. ~. Corpa of ~1 __ r. coaaiat.. of .. 16 _ IIOVUUl 
picture c ... ra aouDte4 111 • .talAI... .teel tabu .ppro.~ .. tely 
2-1/. iDe .... in .~ter aD4 ll-inchea long. A circular UM98 
of the bo1. 1. photocJra~ .. it ~. Ql a conical airror, 
O.l.D~tiOft ia Obtai~ br a eo.pe •• vi.ibl. tbruuqh tbe ~ 
cate4 top of tIae COIlical a1r'~r. A vlaual raocn~ 'Of t.a. core 
bole 1 •• 9reat .14 b .... lQlllti"9 the data. In ,o:.-::4iUOI1, the 
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5-17 ••• 5-i8w. ...... d.at..a1l.cl iafO&WaUOIl 011 U. DU"f~'Qe 

of the uni.xial aU'un __ at.. so.. ~ •• ·.l ~IlU OIl ~~ 

p'...cf~ an4 int.erpretatiOll of r .. alt. are provl4ed 1a ~ 

followini· 

".. .U... pqls •• dye t.o the 4.,....tc: l0e4iD9 ill 

the Wliuial .t.raia t •• t. repu.t.ecUy reflec:~ tbrOQ9b tM aIIIIfll .... 

ConaequeDtl'!. the j,oacIih9 fUDCt.101l abo\O:d p.r;:wi4o a r1_ ~~ 

1009 enough t.o .. llow the .u· ••• too aqua; i.e vithill tlI.6 aaapla. 

Since U\e .... ..,1. for .uc:b a ~.at h CJ4mllraUy YW:'Y thill. ape-

c:.il care .... u14 be t.aken iD .,reparl~ it. u4 placlDt it 1a t.he 

confillia9 dntl. GQ:)4 ".UA9 ataould be en.urN. ..11 di.tur

bancea of t.N <aAd. of t!!~ .....,1. "Ul re4UC4t t.t-...... und .t.iff

ne •• , particularly for the .t.iffer 1lI&t.~rial.. "fore t. •• t.ing. 

&. atat.1c pr._una equal to the oa'lc;.llated .ffective OftrWr:4eo 

.t.re ••• beNld be .,.11d an4 the ...,le .ll~ to CIOuo114.te. 

\"he .t.r.a. il'1lCr .... ~ ...... in teat.iD9 should be 9r •• ter tbaa tbe 

iner .... in etr ... 4lM to tlle deai.,. l0a4ing .t. tM 44Ipt.b Ina 

whicb the INdIpl. ... taken. .....91or thTouCJla a 4yaaa1c ula.d-

inq and relotMS1DCJ cycl. should be ... aureci. 

Caut.l00 abou14 be u'" ill ;;be lDterpr.tat.ioe of 

teat. elat.. fre:. ..... 1.. t........ f~ below the .. ~er table Mea .... 

the bebavior of ~U below tbe wat.er tabla ia gonrned lU'~ly 

by the 489r_ of .. t.uratioe. Ri!:.l.Ot.. YUiatioao 1n .ir coateDt. 

in aear-u.t.\lr.t'" eoUs 1.-1 t.o lu,e ~:oC'i.t.lQIUI ia ~t.r.inecl 

..su1us. The coasU.ln.d ~ul_ 0' .. t. .. i.. equal to it.. l:M:!k 

aD\lulua. or .pproxiaately 100.000 .. ~ (206.101 II'C1I2). t'M con

• tr.ined .:J4ulu. of fuUy .. t\&ra~e4 eo11 •• Uter:)for •• abou14 be 

at l ... t.lOG.OOO p.i nOt.lol ", .. 2) .ir.:a t_ bulk -.lulu of 

individUAll eoU 9r.illS .xceed. that of vat.er. _11 ~\II\U 'Of 

air. bowev.r. CJr .. ~ly r"'uce the COftIOtralne4 ~\UI 'Of wat.r. 

'!'be bulk IIIOdulu. of .ir i .... ry low (about 21 pel at "c:.o.pbtJric 

pre •• ure) and •• little a. 0.1' air ('9." .. t~rat1QA~ dec:r ..... 

the c:oaatrain4d .:Idulus 'Of t!la aJr ..... t.r ... _ to abQJ.,t 20,000 

pal (ll.l" lI/ca2). ...U..,..U of air 1ra eo11 bfllow the 
"Qt.r tabl-, ther.fore. will c:au .. ~ coutr.1Ae4 8D4ul .... of 
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Ute WIR ~1l to appt'Oec:h t .. c:oftaU.1AecI .a4ulu GA: the eoil 

skel.ton at .tr ••• 1 ... 1. wbieh 40 ~t cau.e .train. large 

eDO\a9b to «kive t.ha air i",'O 1iI01utlon. 

Lt bor.tory te.ta 'Of ....,1.. froe "low the •• tar 

tabla 'Often aIv.Jw 4eCJr"£ 'Of eat.urat.ion 1... thaD 100' aDd con

.trained .aou111 conei.tent with that ~.~ad 'Of All air aD

ua1aecl ~U ( •• 9., bf. $-].9). ~.i_ic v.lociti •• in 8Oil. be

low the _tar tabl., on the ot.Mr band. typically U. about SOOO 

ft/ue i1S20 lI/aaQ). 1ad.ic:atlnq e.senti.lly DO air i -: the .i~

water V. '\N. Sai_Ie ".looiti .. ill an .1r ..... t.r aixtllre contain

il19 0.1 u4 0.01 pUCeDt. air loOuld .... abOu\; llOO and 3000 ft/aec: 
(366 and '14 II/ .. c), ~a.pactiv.ly. It. J.a beUeved u •. ~t the con
flict between labor.tory data and field .... ureaent. ind:catin9 

near 5000 ft/aac (iSlO Naec:) .. 4aa1c:; velociti •• ralRU~.t.. i?xoa 

the inUoductlO1l 'Of ... n aaount 'Of 9a.. illto the __ ple du. to 

..-pl. proce •• ing 11'1 tbe fie14 aD4 laber.tory and the relief of 

.-a.tatic and bydcoata\:ic .u ..... iA .-..pl1119. 

It i. r.~n4ed that ....... urad .. i_ic .,..loc:ity 

be uaa4 .. a gulel. to ~~ ael.c:tion of .ppropr1411tB ac;.1l COIl

.U.in ... .odul1 below the v.t.r tabl.. Wbere .... ured .. 1._i:..
ve1<.~it" i. near 5000 ft/.,u: (15 .. 0 atsec) it ia :rttcO ... ,.~ed that 

a ~~l~ of 150,000 pai (1~1.404 ./ea2 ) be used U~~ ••• labor.

~ ciata 9ive • higher val...... 'l'1le re~;''eiou o{ 15- ,000 

pai (103.404 ~/ca2) allova for a ainute ~r.ction of 9 •• , expected 

t.o be pre .. nt. under DAtura! c:o.14H.!.on. in tM i.ui~u INteriai. 

llbere ...... red .. iaa1c velocit1 •• are 3000 ft/.~ (914 III/MC' or 

le.·, it i •• ufJCj •• te4 that l~.tory t. •• t 4,:ta be r.lied upon • 

It i •• tronqly rac:~n4er.l that ~ in.itu ...... -. of COD

."-ainad .a4ulu. tNa .>bU.b..:'i if at all pl!Sliibl.. Special iAve.

t19atie>n _tb04~. a3iUtiC.,ng4 in para.,.r.ph 5~2.5 ••• y be uaed. 

In th. abaenc:e of dy .... i.c uniaxial .~rain t •• t 

elat., 'Otber ,..,r. conventiQllAl te.ta .. y be u.$4 to ir.fer • 

c:onetra1ned aoduluta. A great. 40.1 of ju4gaent. .Dd • tll.l ,rough 

knowle4Cje 'Of the benavior of eol1a .re nac •••• ry to it)t::&:pret. 
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t.be teat... ~ of tbo eoil ..., _ .. tM~ ... ~ ... tMea !Ilto 

MICOUIl~ an cU.ecaeeed below ("f. S-~O). 

....,le .u..tulN.Dce. _e1oaed ~.Y!OUal~. oft .. 
pa-"~ In'.' •• c.iOl. ,;;~~. 'ft U. prot>ert1 •• of • 80n n
aw.4 fre. t.lM 9&..JIUIId. Dlrec~ lalaol'atory detuaiaaUoa of 

11011 ~rU •• t ... 1 .. po.a.u-1~;: ~. toocJ -.pllat 
t.ccl:tal ....... COl'.::ect.101lC .,.... CIa j\ld ... et. a.arl exper1.aDC. 

call 1 ... to r.a.eoaaitll r.11d·'" ~ iat"'rpnta'C.ioaa. ~ 

of a ~.L. fn. U. ~ IftW)l.,. •• tre .. ~ aDd corr.a

pc:ICl4j..Df "f~Uona and 4iatort.l.oaa. '1'h1. 1a Ulaatrated in 

Flcp;. ~.,; :.-. aDd (b). vb1cb pc-.;aaeat. typical YOi4 rat.io, ., 

ft£"':'l.l 10\ of tAlI :"'ffacti". 'M:t'tica. pr •• 8Ul' •• P. C1U'ft. for a 
DOl'a&U~ lC6iWt1 -.ad • pre1~ 11011. 1M IIOli~ line. repr.

MDt. t.tae Ct\nW2 ~1Ded iA odlu.ay o«,eoU.4adoa teat. frca 

t.be ...... t. a .. Uul. an4iat.urbe4 .... 1~.. ft1a c:oor41 .. ta~ .0 
&IIIQ Po npreeeat. t.be 9014 ratio _.t overbQr:dea pr ... u. lnaitu. 

r.spect.1vwly. '1'_ 4a.m.i 11aea tbr;ou9b t.boae polDu r.pr ... at 

the p~l. fi.ld behavior of the .-.pl... Another •• t of 

d.aaba4 '..u..a h~ .... t the tv.~ r_Alt. on 41.tur'- .... 1\1 •• 

Di.tlU'baACe .....au. ~ probal..le t.ru inaitu bdavior of tM 

aP.11. 1. t 1 • .apec1ally 1JIportaDt to DOt. that .". t.be ."t 

-...pliag diatorU au ... -atraia beUvioz' 1a the r4Ul9& of exi.Ung 

iaaitll atr.... Aa. !.c,.~t. labOratory data at t.M i .... 1t.! 

on..re .. anq for ... aU ... r .... above iD81t-l1 1. DOt wbOlly 

reliAble. 

lA I'!f;;'. 5 .... (b) • tJw ooorcUnate P~ re~","t.. the 

probaDlr ~1ItfQft tc •• kb tbe ....,1. "a. pr .. f'1ouely :0e4ec1. 

'!'be p.r..ltoad iMicated in Fi~. 5 .... (b) .so.. not. DeC_urUy _an 

tWt the ...apl. ~ .ubjec-t-eci to ~ h;.crher l'I'.a.'-1&'. ea1.11.r than 

now ... iata inaitu. CtMi.,iea'. alt.erat~m', c:.-.a:.ltatiOJl. -"" other 

effect. ..y cauae ~ a~l~ to be ~nt" aDd tbua atitfer 

c.naD if tbe_ altar':t.iona bacS not occuxred. lle9ardl ••• of the 

eauae of the iadieatee prelOftd, the chang. ill loa4-d.foraation 

charaeteriat1C8 ~Q8 to diaturballce i. the .... and i. the 

pben~noa of iJIportanr.e. For pr.aaur •• lower tb~n p~. th. 

8011 baa a bi9bar load.in9 a:>dulua than at ~reaaur.a &hoYt} p~. 

,,) 

,'~*,\"~,<f.,~,,--fJOI'!"":""'"_'" .:~", ...... -.-- ,,....-,,.-

• 
~ .. 
I 
~ , 

,.) lk~lV Lo.Med 

LocJ .. re.a'~ ___ F ~ .. ,et)~o) "" rp,~ -t ", "I ~ InlHt~ i nd~ st.Ulrr~' '-. '1\ 

I < ~\ 
] Ciatul'hed \ 

~ \ 
\ 

(~) Pr.':'~4 

ri9Ul'. 5-4 Typical 50il Con.alidation Curv •• ('19- 5-20) 

' .. 
~ .. .. : 0h • 0 

V.~tl· ·.1 St~.ln 

Fi9Ure 5-5 'l'rhxial T.at 1t.ll l l1t.: lito-hUed frOlll Ref. 5 -20) 
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-"._.,-- , ..... ~,.;:-.~~.~ ..--., -_ ..... .-.,," ... 
c.,.c .• ~<c ... c_._.~ ______ ·~·~·--·~ 

'file "alu 4. t .. 8011 i.e kDOWIl t") herea. ,,1 til 
latual ooafl~t. U l ... t 111 t.be upper fev b.u84reel feet. of 

U. eu:t;1a'. crut.. t'bIt etf~t of 00Af1~t CeI\ .... ~atcated 

.. ., Z'\JNli»v .... .c.l u!:...a1al t~a "itla 41.ft.reat l'aUoe of 

lat.uAl to woart1cal euMa. t'Jp!e.t nnU. of Holt te.ta 
.... atto.l 1A ~~'I. 5'~!. 'Phe .l~ of tbe atr.a.-.t.ra1A ~ 

iacr6& ....... 1todly with 1»~.lDf ratio of boJ:1aotlt.&l-to-".rU

cal areaa. If tlM rauo of bol'i .. t.a1-t.o-WirUcal .tten 
~ tIae teat v.re euc!l tlaat. DO lateral a"alA nault.eeI, 

t" .true-atrain cur... \JOtl14 be tbat. .. ibi t.ed 1a .ani .. !al 

atrain. Strain appU.caUon rat.. 8180 lDflUfmC..... atnaa-

au.iIl ....... 1oc. III ..... &1 •• tiff ..... lacr ..... .;ita iDer ... -

iaj ctza1a I --te. 

'lbe .ffecta o .... 1 ..... I .. taral at.r ... ancS 

.tratll rate 8G.nti0De4 ...,.. CUI be ..... to iIlf... aD apprOoJd-

_te couUaiDed "'Qlu f.-o. f=t.. following IICMU'CO:I of dat.a 

• Sei.a1c nh~tioa ... aplM)le aw ... y. 

• Villntioe u.u 
• lJDCODfiDG4 CCIIIpra .. loD teata 

• ~1axl&l t .. t. 
• Stat.ic tmiaxial .train bYt.. 

Sei-.i,c lDv •• U .. Uoaa yield tile tr.-1 •• 1Oft 

.,loclt1ea of low-bt.eaalty .tt ... we".". The .al'X:1ty. cpo 

of • o1llllpr ... ioo va". 1." ~Il ieotropic, 11r.earlly a.lilatic -.el

i_ 18 ~~lateel to ~ a1."U: ~at.ut.a of t.be -.eli_ aa abowo 

below. 

cZ • N. 'V-v~ 
P ;; rlI+\ 'n;:rvf (5-1' 

...... 
ep .. :c'i.,.,~ •• 101l.'" (dil.t .... ic ...... F-. ... , velocit.y 

.. COft..uQ1aecl lIIC4ulua 

p ..... 4enalty • 1 , 

us 

............. 

/ 

" 

\' • lu1ta tot.al. un!t w.l"ht ot .. t.rl .• l 

" • acceleration tu. to gravity 

a • roue,,' • .a4ulus 

v • Poi.8Oft". ratl0 

Other el.stic relation.hire oft." ue.ful ill the iut.e,rpretatioll 

of .t.r ... -au.iD .D.~ wa". propagation data .tat low .~re"B level. 

or III unloading-reloadiDQ are the following 

whera 

(I-v) ill-f' -N • (l+v) (1-2v) a· +v K 

2U.'!".vL G 
II: .~ 

B - l(l-lv) II: • Z(l+v) G 

v 
Ito - M 
c1 _ ~ 
s p 

II: bulk tIOdulu 

G .hear .a4ul". 

(5-4) 

(5-5) 

(S-E) 

15-7) 

(5-8) 

Ko r.tio of principal str ..... (coef"ci~"t of earth 
pre.aura at r •• t) 

C •• abear v.v. (cli.tortioMl. S"'WClve) vel<>eity 

Seisaic pul... .re propagated at • very low 
str ••• l •• ~l and. therefore. generally yield &~ulu. greater 

than obt.ined .t atre.8 level. of i"tera .. t i 11 gco\u.cl .bock 

probl...... .....ur~ ground ahock data indicclte that the 

con.trdlne4 .ad"l". rang •• fro. l/' to 1/2 the ~julU8 deter

ained froa the •• i_ic .. locity. 

'lbe vibration te.t i. r .. rformed on & (~ylinder 

of 80il .ubjact.ed to • confining presaura. CfJtIlpresaion and 
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aheae wa".. -..ce Pcor-9atecl et .u1ou. fc~nc:1 •• IInt!1 ce_
aee .L. fo\&DIS. TCMaQCJ'. lIOCIulua IINI the ahear .... ~r.ut 4lr1t de

ri..a feo. the 4at. and are ueed to caAculate Pol • .oo'. eatio 

(Ref. ~-21). Iq\IatiOl1 5-) "1 thft be 11.114 to call1ialate ~ba 
<:or...3uaine4 .oo4ull1.. IUaat.ic MIlav1o.r 1:1 .. ~ thcQUCflaout. 
The vibrat~on te.t appli~a .ore eDargy ~o the 8011 tbaD doe. a 

Hi_i.e refrac t loa .\Ior,e)·. but the aues. levela an veer ~h 
l)elow the .b· .... _. of lntere.t in .. ucl.ar 4coWMi ebook DCObl .... 

?he effecta of ..-pIc di.turbaDce tend to reduce the ~ulu. 
while the low .. tre.a level cau ... obaerv>'tII lIOCiuU higbe.l tllan 

conai:.:ain __ ~uu. a.aociat··d with 9rownd abcct .u-. •• 1 ... 1 •• 

The t.wo factor. tend to cc.pe .... t ... eh ot.hee. However, the 

lIOdulua detera1ned by t.be test i. clo .. ~o the _Laaie lIOdulu. 

beeau" of ":1e low .tre ... le .. l. appliacf. A cooauai~ w:MSulu. 

of about 1/1 the calcul.t.ed value .hould be used foe hi9h .tre •• 
level •• 

When a ...-pIe c-m be treated 1n DO othee --r. 
the initial tangent .odulua f~ the stre •• -.tre1n curve of a 
static unoonfinei ~re.aion teat will yield aa.e iDfo~tion. 
Becau.. of the effset of diaturbance and lack of confining pr •• -
sur., the r"!sult. will be quit') low COIapared to tM ina1tu 

'!.:i.iu.. Equation 5-. indicate. that a Poi.son'. ratio of 0.1 aDd 

0." would .u_ the con.trainecl .adulu. to be )4 ~reent 4J .... 

114 ptrcant, re~lv.ly. gr .. ter than the initial tal\ge.ic. 

.adulua. C~5ideriD9 saaple di.turb~e and the lack of con
finl.n9 pressure, a r .. aonable interpretation of the teat woul.t 
be to consider tbe constrained lIOdulus t-o be thr .. ti..-.a the 

initial u.;.qant -.ocIulu. frCla an unconfined COIIpresaion t.at. 

The inl.tial tangent .adulu. troa a teiaxial test 
:h -.or. reliAble than that fra. an \lIlCunfined teat be;au .. of 

the confining pre.sure effect.. It i. r~nded thAt the 

con.trained .oaulua be taken ca twice the initial tangent uodu

!'t. detel"1ll\ned froa a tria:dal te.t. 

St:.atic uniaxial euain ._ "ats aar be perforlMd in 
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cOAllOU.dat1oc equl,..Dt., in the • .-phn9 tube it. •• lf, vr by 

YUiOlol1l otbac ... na. The "9nitude ot the atrain rate effect 

"'eie. feGa .. ted.al to IlIoAterial. Sta.·ic and 4ynaal.c t •• t. on 

pl.,a .ilt '''f. 5-11) inaicata that the ~~lus f( ri.e ti~' 

on the Ol"cler of 1 to 10 ailU.econd. 16 approaiaately twice thf' 

atatie aodulua. It is r.~nd~ that Clynaaic a;)ciulus ~ taken 

&.J two t1_a th~ &tatic -.o4ulu.. If po •• ibl., aenaitl.vity to 
atraln rate aboule bv checked within the strain rate ran9 •• a~

t.l~l~ with availabla equipaent. 

As .. ntloned earliar, the i~l09ic constitutive 

relatlona .-ployed in large scale continuU5 ~'d*. require aa

u-rl(\l properties unci.,. a wide range of atr.a. and lOt-cain con

dition.. Te.t.a to provide the needed data include dynamic t.ri

axial aDd d1I"ect-~~r te~ta, dynaaic iaotrcplc compres.ion 

te.ta and at.atic pull t •• ta. Reference 5-8 describes ,. coapre
bensiv. labol'41tory inv.st1.gation in .upport of a ... :or HE t •• t 
.erie.. ..terence 5-22 describe ... veral ~lex geologic .. -
terlal .adel. uaed with large scale coaput.r cod ••• 

.... 2.4 ~r"t~t"Y~~CJation of Rod 

Laboratory test progr .... for rock bAv3 as tbel.r 

()a)ject~ ves the .... mate~ ial propert ie. requl.red fOI 80j 1 . The 

_thode of tbis .. r.ua1 elSploy dynaaic unia7ia1 strain behavior 

anli In..ttl' >lIdt weight. Cl&.s.ift.cation aid r.oapositicn te.t • 

plll!$ 4en.ity. !'pecific gravity and .:>iature deterainl'.ticms are 
a1nlaua requir..ants. The dynaaic uniaxial .tr~in t.e~vior of 

$Oft I"OC~ is us~lly determined in the .... uniaxial .train de-
·v~ces used for .oil. 

Intact s~1 •• of bard rock (ba~alt. granite. 
9neia~. etc.) have l?War dtrain eate aer.1itivity and behave 

.1 _sticalll over a larger atre •• rar.~e th~ soil and soft rock. 

Aa • result, atatic unconfi.ned cQllPre •• ion and. teiexia! te.ta 

"1 often be used d 4 rectly in establishing dyn~c constitutive 

1ta 
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pr"Oputt... 'rH COIUItralDeC: .,.sulua of iAu.ct Hll!ple. _, be 

C<IIIfIUtec1 cUrectl, fJ:nl Eq. S-l ... i1'l9 .... ur .. v ... _.~t Y0Wt9'. 

.adulu. and Poi.~·. ratio. 

Nateri.l .adel • .-ployed iA continuua cod*. 
r~ire inforaation on co.plea ~tr... ~t.te ~vlor pi .... 

Yleldinq and ten.!le bebavi~r. !he required data .re d.rivable 
t rc. tl," iui.l teata. 1I!Od"1,,. of l'uptUl. teata. direct t ;1.101'1 

teats. tor.ion te.~. and dvnaaic YounQ'a ~ulu. t~.ta. F1fer

eneea 5-11 ard S-24 are r~~ed •• in~roductlona to labor&
t.orr te.t pro.:.e;!w:es fur !'cx:k and to rock properties Ua gen.!..·.l. 

It. ia lxt. ... ~l)' iIIporl&r.t t.? recognize that the 
gloe. insitu pruperti:. of • rock .... viII 90vern respan ... 
!;'IJult •• joints .nd jo lnt fi 11er .. terial, tbe effact.. of which 

ar. not ,.:~rally refle~ted in laLor.trry inve.ti'.tiona~ c.uae 
)behavior ai-;nificL,-:·'" ,; f~.re"lt frQIII that lnf.rred fl'OII lClOr.

torr te~ts on intact .&apl... Inaitu moduli are lower and 
1n~itu .trea.-stl'ain behavior 1s oonaidorabl, aore inela.tic 
thaI' u-pll'O!d by lab,ratory te.ta (lief. 5-25). In addition. 
joint. and f:.u.ta oantrol lAte tt.e displac ... nta and can reault 
in .uch larger di.pl~. __ ~ts than expected fro. continuua ~~la. 

~ferenc. 5-26 describes Dear-surface relative block diaplace
.. ots in rock vbict- -.e •• ured "reate I' th.n two feet and .. verN 

" reint...lrc'td concrete model ailo. The ~t.1OCI of aef. 5-11 ia 
r~n,l.. fur e.t in "'1n9 the relation betveell inaitu l:J\d 
laborat~ry bElhavior. Inait" teats are r~nded if fit all 
pollaibl ... 

5_2.~ ~.itu rnvest.l.tiona 

Siqnific.nt difference. be~een "4au~ed field 
teat and l~bor.tory ~bavior of ~JI09ic .. teri.la dictar~ ~ 
i~cr.aaing need for aore r.liab)~ ~.ta O~ ~n.1tu pror-rtiea. 
K~jor f4eld test~ auch a. NEST (Ref. ~-27), DIREST ~R.f. 5-25) 
and letge ~E surfac. and ~e.r-.~rf.ce detonat4ona ale. in fa~t, 

Ut 

.-

.: 

tnaitn teats. However. the coat .nd U ... r~uired to field 
large t~.t.a llAke thea iapraclical tor use at ever' site for 

¥bicb ~round ahock pl'edictiona are r~uired. Pr.ctical fl~14 
method. on • ~ller acale are cller.ntly ~lnq developed and 

evaluet-ed. One a!Jch Jlethod i. the C:iST (Cyl.il;,hic.l In.L\u 
Teat) wbich .. a.urea the dynam1c r •• ponse of significant neAr
surface layer a to a cylindric.lly ayametrlc h~9b exploaive 
abock Lnput (aet. 5-1~ • 

Other 1 .tential in.ity teat .. tnoda in<..lud. 
aphexlcally sr--etric teata and ... 11 ac.le H£ST te.t~. In 
bard rock, inaitu inveati,ationa whicb ahould be considered,; 
in addition to high e~ploaive t •• ta. are j.ckinq and pl,,

bearing tests tc evaluate th. effect of joints. Joint mapping 

should alao be ~rform.d. 

5.2.6 !rpieal Material Pr.orerti~s 

Typic.l material properties to provide a tr ... 
of reference for the re~der and to .l.d in preliainary c:.alcula
tiona .re provided in the tablea of this aection. The reader 
i. c.utjo~ed th~t the u •• of typic~l pro~~ti.a involve» con
.iderable uncertainty. Typical properties should only te uaed 
for preliainary analy ... O~ conceptual studi.a. 

Table 5-1 preaenta typical aei .. ~c velocities 
to~ .~! t ..... wi rocka. l'be "'lA9. in v.locity f,r • 9.L'en aat~ri.l 

ar .... t~ ...... _-;-r~ ~" r':~ ,_4.y tor diife=.nt ifleter;ale :.;:lould 
e.pet Uy t,. nu""'. 1ft ..: •••• vb.",;'1 onl) ae41Nlic veloeity is 
avaUule, it i. ,..c::o_nded that III th<e •• 1a.uc velv':ity be 

ueed to e.ti..IAt. the constr.ined .:;.d·llua of eoil ... nd soft rodts 
~d that 1/4 the seismic velocity be u.ed to eatiaate the co~
atrained modulus of heavily jcinted hard rocks. The ratio of 

10..d1n9 to unloadin£ ~ulu. ma~ be tAKen •• 1/3. 2/3. _~d 3/4 

for loose .""ils, ·jen •• lIOila and aoils below the wiltex: tabl.l, 
[$spectivaly. Ratios of 3/4 Ani 51) 0 may be UIJed for soft rock& 
and join~~ hard rocks, respectively. 
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.,...... 5-1 

tTPlCAL S&IalC VELOCI7Ia roa 5011.& Mil) aoca (UP. 5-7) 

"'~1.al 

Looee aM Dry SOUa 

Cla, a~ .. t SGil. 

COU-.. aad ~ Soil. 

S&3d.tc .... aDd c-ted Soil. 

DAle u..d ~1 

u-atooe - Cb&U 

"ua')rpbt."Z ~t. 

VO:'ca.n.1c aocka 

Iou.D4 Pht.oaic ~k. 

Joiattd waaite 
I 

t ... u.red Rocks 

'.l .. ~c Velocity 
ft!aec: 

6.0 - 3,100 

2,50' - '.100 

3,000 - '.500 

3.000 - 14.000 

,.ooe - 17.500 

7.000 - 21.000 

10. e;il - 21.000 

10,000 - Ja,OOO 

U,OO) - 25.000 

'.~Ol - 15.00(l 

2,00' ' 10.000 

20t 

"~~ic Velocity 
a/aec 

110 - 1.030 

710 - 1.tOO 

t!O 2.600 

'10 - 4,300 

1.'00 - 5,100 

Z.UO - 6.400 

3.000 - 6,400 

].000 - 6,700 

4.000 - 7,600 

'.C.O - ' .... J 
600 - l,lOO 

.... <-'_~ ~ ..... ",,~~;,~""""~""" ~'~?1'~ .. ~1.>."t:.-..,~ .. ~~~.:l\f!O'H ~""""'~'.'" 

Tabl. 5-2 ~ •• ent. unit weight., .... den.iti •• 

and apecific gr.vitia. for typic.l eo11. and recks. Table S-l 

praaenta ~ typical dyn~ic pr~rti •• of in~act rock. A • 

• tated praviou.ly. intact rock ·'eh6vior .. y not be r.?resenta

ttve of inaltu babavioc • 

!S.] Alru..AST-IJR)OCED GItOUND SJI~I( 

S.].l ~ 

The propa9.tifl9 airbla.t wave i. a .. jor KO~~C. 
f 'iCOflftd ahock. TM charact.r i.tic. of the <, :0,,; •• 4 ahock ar. 

90ft ~ by the pz'operUa. of the airbhat lM. e amt the proper

~i.a and a~ructur. of the geoloq~c -.diua. The ~ropertl •• of 

the airbla.t lMve ~. d •• ~ri~ in Secti~r. III. eel.tly. under 

id .. l coadi~c •••• the A1rbla.t ar.r~·'es at a point on th.e 9round 

a\l:fa-:. a. a abarply def,ift4d .bock front trav.llnq at ~ velocity 

¥bleb 1. a frunction of the peak overpre •• ure. Af~.r P~.8~9. of 

the aboct front. t~ overpre •• ure d.cr ..... and e~cntu.lly be

ca.a. De9at1va: With i~r.a.in9 range, t~. peak overpre •• ure 

a-4 shOck front velocity decrea •• w~11e t~ total dur.tion of 

the a1rb13st wave incr ••• ~ •• 

The effect of tbe expandiD9 airblost upon a p)lnt 

in t:he ear~l re.ults not .>nly frca the airbl •• t lOlldin9 i-.Ji

"taly above tba ;"Oint but al.v fro. the airt.laat loading ilt 

hi9ber overpres.ure.. The ef~.ct or a .in91e ins~antaneously 

applied loed i. illu.trated in Fiq. 5-6. A point located i-.edi

ately bane.c.th the load a~rieRCe. I.WO di.tince wave arrivals: 

(1) the coepr ••• i". wave (P-vav.) an..! (2) ttv- shear 1oh\ie (S·-vave). 

A .. location. ~r the .urtace, II "')Q Schuidt wave (SP-wave) 

and a Raylai9h lMVe (II-w.ve) a~ .. alao expel' lence,~. 

Typical no~liaed vertical di.~l.cement-time 

biator •• : 1ft an tla.tic TMldiua due to an in.tant",eously .pplied 

poln~ load u·. Uluatra"ed in Fiq •. 5-7 and 5-8. In tt" reqlcn 

baneatb the load, ,he a.otion 1. IIOUl)' downw.rd and outward. 

2C2 

.~,.,O(ff'V~ 



'fUI.a \-l 

tntIt' _lGlft. KU& DDSln AND SftCIFre CillAYl'ft 
roa n'ICAL SOILS AIm a"ClS ( .. ,. 5-29) 

b.=~ 
CI 

Unit _l9bt au" o.a.'ty 
Clbe/h1) C.IU9./ft.1) 

~nry~ ts 2.tS I too ...... r.t ...... Ut !.'~ 

Den.e Dr'f Saft4 no l.U I ........ "ur ........ U5 4.U 

Dry Clay lS l.U 
I 

Saturated Clay 110 1.U 

Dry Sandy .iU t lOS 1.26 

$atural.G Sandy Silt no ".0. 
I 

1 .... 1t 171 s.n 
Gra:tite 16S 5.12 

i 1.,. ... 1.0 .. 150 4.U 

Sandat"OMt 14. 4.15 

Shale US 4.S0 

Concrete UG 4.16 

20) 

,~ .. ,." ... ,.--~."~--,---.- ''''\'''' ..,., ~,,~!'I"; .'ffi"'>\I1'10.,. .. Ii!<'t~""~~~~ 

Specific 
Grav~ty 

1.52 

1.12 

1. 76 

a.1' 
1.21 

1. 76 

1." 
2.01 

2.74 

2.U 

2.40 

2.24 

2.12 

2." 

'fAa'" 5-3 

TrPlCAL ELASTIC 'JtOfaftUS ()!. aoa (Ret. 5-]» 

r----------------------------y---~------------_r------r_----_, 

aock TiJIe 

!!!!!!. 
Gl .. ~ (h~9b ~trec;th) 

Vef41Cl&1u- (t l'lb at.ren9t.h) 

·i •• i.c,,1... (low .~Z'4tD9t.h) 

~ 
~91 te, hornbleA4 

.i.C'tU· ... born.t.leoc' 

~ 

eou-.. 9rained, bl,tite 

Low StreJl9th 

L1aeat.one 

Por'o"a 

liediUli 91'ai.llecJ 

~ 

SUici. "iecJ 

Sand.tone 

Soft 

11&1'4 

where 

I • yg~9'a modulua 
.~ .... , Poi. lIOn' a ~ at.io 

I .I 

(10' P.l) (1,,' 111=-4; 

5 

7 

4 

15 

10 

• 
I 

.. 
I 

10 

Z 

5 

l.5 

<1.1 

2.1 

10.l 

6.t 

6.2 

5.5 

Z., 

5.5 

6.' 

1.4 

l.5 

v 

0.11 

0.l5 

0.20 

0.21 

O.H 

0,,14 

tI.2~ 

0.20 

O.ll 

0.12 

0.04 

O.lO 

·0 

0.12 

0.33 

0.15 

O.l' 

0.11 

O.lE 

0.33 

0.25 

O.CS 

0.14 

0.05 

0.43 

~o 1~\I - rat.io of horiaont.l atr.e " t.v vertical litre •• in 
one-4i:aec .• ional coapr ••• ; on 

&'*"' 

,,-.. 
f 
'l~,.. 

,.-

." 
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~~_A •• 

, 

I· ....... 
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......... It.1>>t frca IMt.aataDeCNalJ Awl1e! 
l'oiDt ~ ( .. ,. 5-15) 

.... ~'t_,~""~~ ___ _ ..... ~~ __ , .......... _ ... ~". .. ,\,.~"Mt-t:~.:i 

O~··t 'f:.. ~ .. :' 
o. s p :'l"!-;;;;;;;;:;:====-

! t; 
"olIO." cal - Sbe.u " .. _ '/el<KitV G • "heal Modulus 

»\) l 0 Tt.. f'Oll~son·. ItAtlO 

II - Veru,,,al Dlll'lac~t II • Sl.n\ R.ar.~. 

Pc ~ Appl ~ecl Str ••• 

• 1911r. 5-7 Ti .. Hi.tory 'll V.Iti;:a:' Dhplace.,.nt Alo1l9 

Ray .. n.ath {oncer,tratfld Load (Ret. 5-:5) 

" 

-o.!~· 

°Ff~ t ··ul ·1' 
o.:>~-t. F=-

";GII 

~w 

Figure 5-1 Time Hi.tory of Vertical Di.placement at Sh~ll~ 

o."Cl .... r Conce .. tr.ted Load (ite!. ~-1~1 
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·., ,. 11 •. ,,", • "'-!III. 111' _______ _ 

'tNt 1IOt:10D 1. INCIl ...... CQIIIP1ex a~ poiat. ftear: tJae aur:faoe 

""'er. tN 1.ft1U.al "UOA .. y be upward anc. outware foll~ 
by a late~ ciowft .. nt &nit ... nwarcI .. U ...... 

.\It eKpandintj atrbla.t vave _ in effect. -WUe. 

i.n.t~.at:aIMoua load. 1a .'cc. •• 1OD at: aD illfa':" "-"1' of 
point. ~ Ol:~ fl'Oll 9rOUftd •• ,.,. au illuau.ted ill riV. 

5·' Ca.f. 5-15). t1M loac!lQ9 upvienc:ad at a poJ.n~ 1ft ttae 
eartb can be ""i.1~ to ntftl~ troll .. '., c4llP1u ~i
bon in U ... of tM effecta of tbe 8QCW .... ;.".ly applied loa4 •• 

14 • ~.-.)9eneoGC balf"apac:e, t:be character of 

the ... d,-U .... ffect.a 18 qoverMid lart41y by t.be ,.hU". 

"qnitl.s.. of t.be airbla~~ ehoc:k velo .. t:y aDd tbe .". velo

ci t i.s of the wd.rlylnq 1MI41ua. TbrCM Mi.aic r4tC)ion •• 

.uper .. i_ic. tr ..... 1_ic aDd .... i_1c. CaD be defiDed, aa 

.llu.trated ir. Fig_ 5-1C. 

'!'be nperNiaaiC" 1'891011 is def~ to be the 

r.qion in which the ebock ~locity of the atrbla.t exceed_ 
both tlw dilatational aDd abear ...... b)(:itl •• in the under

lying aedium, i .•.• 

1IIbere 

u > Cp > C. 

U - ai..-blaa.t. .-.oct fr1lftt "'lcoci~y 

Cp • dilatational wave v.loci ty 1 .. the ..slUli 

C. • ahear .,.". velocity in the ...alII. 

(5-') 

Since the airbla.t ".loci ty in the .~erau: SlUe regio," j. 1&rge1:' 

than .ither of the .. ve .peed. of the .. hura. DO 4iaturbtulee CaD 

be pt-opaqated ah • ..s of the .'rbl ... t. The tJlcx.k 1D tN. rJl'OUD4 
can only "aU ~bind and below the airblaat. A1tboug'.l the 

•• rth r •• ponae at ~ater ti .... can be influenced bt clu airb1a.t 

F,eviou.ly applied at pointe n.ar.r ground aero, ~bJ doainant 

-- . ...., ... ,.. ....... ~-~- -.,....,.- ~..--, _... -, . ,-,... ..... " ........ -,..~_._ ... ""' ..... ."..,,. ......... __ ' .. _ .. ___ ".' ,,_" __ ~~, ,..,.*~~.,.".,., "--''j.~ ~ ~,..;t.._''''. . ~ ..... ,tl!;!~~~H~'~ 

~. 
Ill~I'~"':'. ~ 
..co 

·1'01_ of IIlt.V .. t 

F1VU1'. 5-, lleqlMDce.., 1;'\&1'1 ... .,,,11 .. 
by Airb1a.~ ( .. t. 5-15, 

Alrbl".t ...... 
I~ ",.4 ,-v '1 

' t I--. ,- . 

~l.a.iOft .. ". 
'L..R-<: 

I
::i- • 

\ 8M.u' a.:., ~ .. 
htll " 

.""". 
Cs 

J 

'l-

(a) IiVper .. 1.a1c Alrbl"n ..... S,.au. ih) Tr ... llei_ic: a! rbJ Aat h ... Syllt. 

--± Decs <c, -' 

f

Sbeu 
.... C$ ,.OA i-cp 

SCllUd 
~ .... 

S Coapr ••• iOft ..... y 

(e' S\IbM' _ie Airbl •• t way. syst_ 

Figure 5-10 Un4acqround Wave Sy.t~e D~ To 
Alrbl •• t-IDduced Gr~un<i Motion 
(Ref. 5-1) 

f:i 

/tf'·J.j,."'", 

\..~ 
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",.,--'. 

' ........ -

'--

reepoAM .111 be 4uoe pi't.u'll., to dMt aia:b1an le..slat ebcmt 

U. po1D~. 

... t.be aJ..Dlau .hooIl froa~ .. 1ocl~y Wcaa •• 

la. t.MD U. 411.t.~loaal we .. ""lOC;L~Y. 8beac ..... loc;~ty 

« boU, U.~u.rbuce. p.nJpa9au ~~ ... u. fJI'OW'd .und of 

t.be ai.rbla.t. two c .... an poe.it.la. !'M ~ ....... laaic CI .. 

,r19' 5-1..,) oocw:. wbeD t.be ~rbla8t 8boek .. locl~y 18 1a .. 

tUa the 41l&tAIt.1oaal ..... -.locit)' "l~ f&"Nt.;er tIwua t:be sb~ 

.ve .. 1oc1~y. i.e •• 

Cp < U < C. (1-10) 

I. t:.be ueua!aaio oe ... 41l.~.ti .. l wave pI"OIMlvat.- ahe,td 

01 u.a a.bta).ut wh11e a1II:U ~aU.o. OODu.u.a w be CXrA

trolled. iar dae aiBlaat. fnat.. 

!'be 8U1M1ehaic ca ... (1'1~,. 5-1Ob) 0CCUI'8 wtlen 

tINt airtalUlt IIbock W'\oci~., ~ 1 ... U&aa bot.b .:be 411a* 

t.a~v.al ... .-.r ...... 1acit.ie.. La the -.db-.. 1. e •• 

o ( c:. < C:p 
(5-11) 

lD the ...... 1ea1c c-.. .. til 41lat .. tu.al, aDd 8hMr ..... p~opa-

9&te ill fftMK of t.be a1m1 .. t. 

111 both t.be tX'aAs.ui.a1c aDd .u»h!tI'a!c r~rioll., 

tile 4Jrouad cliaturbance ani"... at t.hr. po11lt. c-{ !nter •• t ;'1·10r 

to tlaa arriftll of tM ahbl .. ~ va"... 'rDe .. r ........ u:e oft.n 

ntf.trrecl to .. outrwuaiJlt rev~or~ becauaa tile 9rouai IIOtion. 

OOtr\Vl u.a .1rbla.~. 
IIOUOIl. 11l ~ .. "'utr.uua1r.1 r.,101l ar. quite ccx· 

plex. Tiaa pbaain9 of .'.4D1'.1. tr. .. all ovarpr ••• "re l.veb 

can c .. ".. r.1n~rc-.nt-" &.all etacl11atiONJ a~ both early allIS 

ute ts.-a. t'be Mque ac- at IIOt1.,.. pr10r to airblaa~ I\rriYu 

1a • 9~cali .. ~lon ot the at.ple .ffec~. 111uatrata4 in Fig_ 

5-7 for aA 11latutaneoualy appli&ll poiDt. l0a4. 

ZCl9 

, _____ ~",._.........,-...... Q JI!!~f~.,.!}.~"""'~~fI"'<- ....... ,.,.~~ ..... , __ _ 
.... "..-........ ,0& " ___ ~.!;.,,""" ...... ~,~ .. '.Jt.:iIfi--.;,:t~d.('1 

Tbe pr ..... ce of 9.01091c layer!..nq introdw.' •• 

ad4i~iOA&l co.plication. at both early and lat~ ti~.. Aa 
abown iD rig. 5-11. a ~lAX patt~n Qf wave front. devetop~ 

4\1& ~ reflectiona &ad ~efract:ior.~ at the layer tutel rac •. 

... froct...a e.,erCJY in nlC\_rlyi,,'i layer. reftnterinq the tor\ayer 

can ca" .. outcunnin9 ~ OC"..:ur in the top layer prior '.0 th~ 

point. where the alrbla.t wavy becoea. tran.Mll~mi(" .... aubllei.

ate with r .. epeet ~ ttv .... "rface 4ye~ ( ... Fi<j. C-l2). Multi

pl. nflectiona w1thhl the top l,.yer ;;an bAva · .. i"nificant i IU\.,

aoce upon tIw) J ate cu.. aoU.on. 

l\aprahenaive grol.lDCl aboc~ anal YlSe. in real 

CJeOl09ic .-acU .. bAve not Fogra .. a.1d to the point. where dl'laplJ.

fied t.echniq<1.a are available fOI u.~ in de.i90 astd ..... ly.i •• 

IIO .• ~ of Ut •• xisting prediction t.llchniquef\ al:. tn the develo*,

aent: aug. and 1ar9. \U\C&rtaint t.:. ar. .aaoc i.a ted with 

_t.r1a1 propertiea and the requ;,rea C<Aplexity of the proDl ... 

The pred.iction .. thod. which fol:ow are bA.,,! ufxm concept. 

..n4 daU derived frC* tIoth theoretical .tudiea .dl<d field tJ.st 

obaervationa. 

5.3.2 One D~n.l~l ~\aly.i. of \ertlcal Ground 
s60ck In 8O!§9.n~>u. Geclogl.~ 
tn r891on. wher. ~hc airbla.t wave h hi,ghly 

eupe.~i.-ic. the a09l. bat~n;he airblaat-indu~ed ground 

~~ ... vefroo\; and tbe 9r" .... d .f' .. rface i .... 11 UJd the \hU'I~i

cal clefonutioo COftdit1on. at ~a.rly t.u.a al·. oIf';:>roxi ... tcl.y 

one dt.an.ional. Under auch cOD3ition., t1arly tl." ve.rtical 

.~a .. a, and .lOtion • .ax b-t rva.on.ably •• thl.4ted with 0".

cli.-aA.ioLal wave propagat .. ioA pl." .. ~ic:tion proc'.:-,'i:Jre •. 

.. tor. i'l'oc .. \in':J to pracll~t.Hm procedlJ:re. it 

ie 1Iaportalu: tl) CH8CU •• aoc.e ch.aracttl. i.Ftica of ,HcLla.\. ~n

clucecI \:ouncI shock. ~ .ffe.:t of the nonl ine-o. hYliter.Uc 

Ht) 
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ProIat 
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~':.t~~~:. 

W"ve Front. at ;. 1'i_ Ifhon Initlal Disturbaaco 
Frott~ ia Superae: _le on a-o and TraDMai_ic on 
I-II (ltet. 5-30' 

,. 
, t 

• 
.. 1 , . 
• 

J .... f'f!r .. l_ic I Gro\md .·;:oUo. 
Au '1_~ ...... --.. 0ut.r"n6 

• A1t Il •• \-
, .. 1.. -

I .'. 

I 
I'i~~r. 5-12 Ray P.~h Diaqr_ for o.torai.atlon of Critical 

ReI' "at' for ":'vf:)-Layer te.cSiua (aet. 5-U 

2U 

utl,e. of 4Jeo1091C _tectale upon the a1rbl~~-lnd\K:ed .tr ... 

.. v.i. illu.trated in rlv. 5-13. t.ak .u ••• att.nuat ••• 1'1 .. 

~iRe to peak etr •• e Lacr ..... &Ad the ,Sec.y rat. b'b~nd the 
peak eu ... <lacr ..... a. the atr ••• .... v. pn~at.. into the 

9f'O\Ir.4. Tba total iJlpul .. ot t.M etr ... wave at 80DI "eoth 

18 e ..... U.Uy tbe .... _ tile iIIl.JU) >. delivered by the airblaat 

vave at the .u~face • 

Tbe cMn ... in .u ... pula- &be,. rc;.~ult plL

.&rill' feo. Uw .tr ••• -atrain cbaract.erilPt1cs of 9.01091<: 

_tuial.. A typical Wliaxial .t.reat-.Uain curve foT. eoil 

and it. inh~ \,:;on vave prOpa9&tH>n in 11(,11 U':4 tlh-r!wn 10 

1'1,. S-U (lie:. ~-)l). The .tr ...... tral. C\UVe t. conca ... t.c. 

tba .tea1. ul. at lCllWleX' .tra .. level .. , r."..~. cur ... -;.ur., 

a~ UDally becoIie. iacr .... i.n91y .tiff at ~19her .t· ..... level •• 

Uf'")Il unloadiftCJ, cor.sidereble penAll4Ilt ~tra1D r ........ in •• 

The incr~';. in d"J i:~~ vith .aptb 18 r.lat.4 

to the 6ec:r ..... i:.. 7.0&4109 .lope ..at U .. l:e9~Nlin9 of t.be aU."
.Ua1. curve. JtJ:e •• 1.vel. Mlow point A in 1'19. 5-14 (a) p·opa

,at.. at a ".loci.;, p. 'opon. '0t'.a1 to t.b«! .10pe of the atrc. •• -st.r.tin 
curv. at. the at.re.a IGvel '.It l,..t.e •• t.. Ther.for.. tt.. r i_ 

tt.. lncc ..... with 4et:,b a. the pul ... pcQP6vat •• 1n..;0 to. )~ound 

becaus. the lowe~ .tr ..... P~opa9.t. at hi9ber ve1ocitie. than 

tb. hivbe~ .tr •••••• 

I'~~ pule •• with .. ail. pl'esauro •• bov .. point A • 

MaCh a. p. ira %"1.q:. 5-1'(a). the peak Qtre •• "'111 f->t'0PA9at. at 
..... loclty c:or.re.?,>DcHng to tt. !IIOdu1us ot the a..eant lin. 

dea .. fra. p..;i.. .. t:. t.&Ageht to tbll .tr"!iS-$tt:AU~ curve at c. 
t'beoreticaJ.ly. all .t ...... l"vel. betWtlell Pc .r .. ~ p. t":4ve1 at the 
.... velor;1ty in a .hOck which traH .... ~ !~:~"4 .l.: ••• l.vel. 

b610w p~. £or .. atre •• WAV. with • ~I.k str ••• p.' a .tr •• ~ wav. 
.ia1.1u to that shown in Fig. 5-1t (b) wou.l.d theoretically rc.,u1t. 

Truo ahocka bave been observed in lalKl=atory w.ve pro~.gation 

export.ent.. H~~.« true w~~k t~8 nover be.n observed 

212 
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ia the fiatd at atr.a5 1 ... 1. at which a ahock would be pce
dlct.cl by laboratory au-.aa-at\"aL. curv.a. DUfereacea be

~ f!~ld aDd l6bor.bOry behavIor. atr.ia rate .ffecta anel/ 
(K __ iaU.OAa fre. ore-cU. .... io".l behavior lie)' p".Ytm\. t.he 

fonut.ioa of a ~. 

III on. clta.r..t~. u. .tt.eDGatioa of peak 

au-~s vU . .h ~aift9 .s.pu. la 4U1 to th. abeorpt.Joa of .Ul'9J' 

due to tlM "':ratenUc bebavlor Ccl •• velos-ent of pera .... t aU.1na) 
illustrated ia PIV. ~-u (.). ID t;be nucl..,. c ..... tt ...... tion 

e! ~~re.a .1eo occur •• 10Gf r.y F.ath. 4'-'11 ~ .paU.a1 .tten\Ul

tiOill. ao.ev.r. u ui.:i=~~l.c .:. •• t:ic: .t.udy ( .. t. 5:-32). 1M. 

.s-n.U::-..... that. the -.t.. at.nhil. at a ~ic:ula& 4:ptb .. :' 

.... eqt!*l to or excee4 the peU overpreaaun '-<Ii.tltl', above 
t.le poiat.. n.ta «a.ulta frca tJa. ~act tbat tIM ette .. exp4I.r

i~ at • parU.C:\llu point .t dftptt. actually or191utea at 

aD ove..-pre.aure level hi<;'ber thaD that ~i.Uly M»ove the 

point. ~.lrcUft91y r the effect cf apat.ial att.eDuat.ion abould 

DOt be con.idered wh.an the allper_<, J .... I.c pI:Obl_ Is treated one 

elt.enaionally. 

An •• tl .. te of OIl. diam.lonal ... ve propa9.tior. 

in 1' .. 1 Cje.,1ov1c .. teri.h 18 po.dible by COMicS.d ... boundlRCJ 

c .... to thAt bIli .... v ""I."la1 .tl:es.-.tr.iD curv. approx1aatloa 

int.roduced lA par.czr.ph 5.2.1. !'be ~J.li=-eu appE'oxt..t1oa 1-

elefined by a 'OIIiIin9 .-4ulua. '\.. which i. the alope of a "e

cut fra. the «1g1n t.o tM at:r •• 11 lev"l of lftte.r •• t (taken •• 

~ ~q overpreaaure# P so' aftcl u unlCNl4L.g lIOIiulua ..... ""i("h 
ia the slopa ~f .. eyebal.!. f1~ t.o the Wllo&.UD9-reloacl11l9 por

tion of the laiklr.tory _ •• tU'8CI at_reaa-.trala curve. or. atrain 

I:.cv"-.;::'· ... ~io (1') of the blliMar .pproxi_tion 1. Viv .. by 

"to £_x - 1:1' 
r --- • ~------

Mu c ..... 
(S-l ') 

21!. 

- .---~- .... - ... ~-"'---,-~~- ..... ,.. ... ~-, ...... - ... ~""<)<_ ~ .. _ '~~~'"*'.t4ll.......:-~'~~1'-"'" 

Wer. 

l' ... au ala rec>v.q raU.o 

"'- • loWiD9 ~u1u. 

Au • unloacluaC) rodul". 

£ ... • atrain corre.po .. u.~ to ... 1_ auea. 

er • re.ielual .tra!D upoD unl0a4iag to • .xv .tr.~. 

!'be poetIibl.. raDp of r 1 ••• ro to one. aero corr.~'4ill9 to 
DO atr.ia recovery aDd ODe cor~.dpoD41n9 to el •• t!c ~.v~or. 

..". propag.tion in ltil!near .. urials ... y be 

treated ~~lytic.lly ( •• g. "f. $-33), but. cloaed fo~. aol~

U.on.a are 4uivab1. ollly for very ailllpl. iaput pre •• ur. 1..r.-::

tion.. ao..".~, the bouD41DCJ case. of r .. 0 and c - .1. -x ~ 
truat..s X'.tAer aiaply. CoAeicler tJw biU.aear apprOllilation 

aDd t.ouft4i.n9 c. ... illuau.t.ed in Fig. 5-15. Fo:;: r • 1 • ..l.0a4-

iJa9. UIll0a4ing aad re1o-»189 are .11 ~ b".i u.. .... -.04-

ullaa. "L (Fig. ~-15b). POl' r • (), vugu loadinC) 1a ?Overna4 
bJ ~ while Wlloaclin9 and reloa4ins up to the previous aazi

-- atres. OCC::\Il' with no cban<J • .:Ln strain. 

fiqure 5-1' preMI,t.a t:be t.r~1ation of • auper
Mlaa!c alrblaat probl .. iDto • orA cliaoeDaioGal waVe pr"'P&ga

tion prob!... It 1. aa.u.ecl tlwIt a baIf .~ of .atui.l 1a 

lDatutaneoualy '-.cled over itli' enUre bo\lftClry by the OVlltT

presl!W:.-U" fuDct1oa. 'l'bIe ~1 ... tt.e t.o peak overpre.lIUr. 

at the aurface 1. a •• ~ to be aero. i .•.• the .irbley~ froAt 

i. a.au.ed to be a &bock. 

&e9ar4leaa ~f tbe aaeu.od atr.in recovery r.tio, 
a abock front propagate. into tJM. ulf .~. with • ~ .. l'X!ity 

CL wbich ia relat.ed to the 10llilu:.g .a4u1u. by 

e
L 

.,ft!i. 
Q 

(5-13) 
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."'~>~to" ~,.'." .. ""'~'''Y!" .. "",.,.,.. ~~~ ______ _ 

wher. 

~L • 1~ln9 waYe l·i.O~gaU.o. velod.t.y 

p • .... den. I ty 0: u.. .o~l 
fte uiJ of tM pr....w-. U .. fww:b.OD (or rar.fa~..1oD) propa

~l" jot.o • be cround at a v.1oc:lt.y tovernecl by tM uAla.4i.l9 

~Qlus. For r • 1. the unloadtQ4 .. locity 1. equal to the 

:'oa41119 .. lacit.)". I'oc r - 0, u.. r:a&.f.--;t.ion trawls at. a. 

ir-fiAite velocity. Ybe locatlo. •• of the "a". fl'Olat aDd wave 
tail .. funct.ion. of t1 .. are iUu.t.rat.ed on the waYtI front 

41a91''' of Fig_ l-lI(e). 

'!'be atre.s, pe(-t;1ele , .. locit.y IUI4 4i~placelWt.t. 

a~ fUDCt.ir.m. of ti .... depth for: t.he el •• t.1, ea.. (r • 1) al:e 

well kDOWft (~ • .,., .. t. 5-5) aDd are g1ven by 

for 

where 

• 

o.( •• t.l • p(t - aIeL) 

0a (z,t) p(t - .'~) 
v.<&.1:) • ~. peL 

t 
d.(a.t). ! 9a( •• t)~t 

z/C~ 
w 

• 1: > ~ 

- deptb 

t • ti .. 

0. • vertical stre •• 

p{t.) • overpre •• ure-tt.8 hi.torr 
CL - lo~in9 .. v. propeqation velocity 

Y. - vertical partiela velocity 

p .... den.ity 

d. • di.pl~nt 

llt 

(5-141 

(5-15) 

(5-16) 

'!'b. at."... aDd .,U.oa. a. fwact.1ona of U... and 

deptb lor. ~ •• eaao of DO .~alD recov.ry (1 • 0) ~r. 4.rived 

11' ... 5-14. 'l'akiDCJ eOlllpce •• iOD a. poaitiY. an&1 a •• waift9 ... 11 

.~aiD8. COI3 .. rv.iion of ..-eDt.ua .. , be wit.t. ... 

aa;, jV. 

TIl • -~ at (5-11) 

.iDee there 1a ftC atra1n r-=oyuy after pa ... ge of the initi.al 

abock 

at 
-J! - 0 

at all depths. Sq. 5-11 .. , be witten 

t (Wa) _ • (adz) .. aVJ: .. sr-r. ran h 0 

(5-11) 

(5-19) 

which t.plie. that the part.ic1~ yel(~it., 1. a !unction only of 

t~ aDd DOt 4epth. r.q. 5-19 baa a aol\1t ',em 

." • t(t) (5-20) 

t ~f~ar.ntiat11lCJ Eq. 5-20 w!t:b r •• pect to tu.. and au.bu1tuting 

into ~. 5-17 yie1da 

aa a Ta - -.,.(t) 
tlbich baa tIh. .el\ltion 

o.(a,t.) • -ap.(t) + .(t) 

(5-21) 

(5-11) 

when ,Ct) 18 dote£1Lined bv the boundary cor.ditiona. Since tM 

..nicel .tre.. is equal to t.he ovarpre •• ure-tille hiat,:>ry at 

a - O. Sq. ·5-22 ~. 

o.(a,t) • -a~.(t) + p(t.) (5-23) 

wh1eh .ust be aclved .1mult&neO\lsl1 "it., Eq. 5-20 to ol:.tain a 

~lete ao1\1t10n. 
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Oa ~ .... fa.~. U. au:. .. &u4 pu-t1cle 

.. locHy U·. ze1at.ct • 

o.( •• a/c;.' - ~".( •• a/C:,,' (5-2.) 

1. e.. ,,1q1ft loMu., ~. 90YVlWd by th 1oa..t1D9 .o.lu1"a. 1\.' 
aquatio') 5-2. allow tbe dat.end.aatioo of toM followift9 te.aral 
aolutlOD foc au:. .. and particle .. loefty J.D ~~ Ntar
iala ri..icb 10114 11aearly bu~ lAo DOt recove&' aUa1a "fICO} \Ulload-

1.&19 

fO&' 

-.z. 

°a,a,t) • * r-';) -pcu] + pet:) 

".(a.t:) _ ~ I~t 

• ~ < t " ~o 

~ 

1ft) - I .(t)4~ 
o 

P.o • peak OftJ."pr..-un 

(5-&5) 

(5-26) 

to - tcUl duzaUOA of the oV'arpreanre t18a biat:ory 

&a fOX' the alutic ca.e. ':'ittp1ace ... U are 4e~iM4 b7 Sq. 5-16. 
~ eolutioaa f~ 0. &D4 v. at ~t.e. greater than to 4!ffer trca 
1Icp. 5-25 aII4 5-26, ~. t:wo 4t.an.e10Pal dfect. pnidoainate 

at: late tiaaa aD4 CNt di .... ioaal 801utiontl are IIDt ,,&114. 

.... Uou 5-15 ~ 5-26 are ~lly .01'- by 

9raph1t.:&l ...nIl fex :!.ucl..z- overpr ••• u.-. funct1.O~s ua1~ U .. 

~rea9ur:e aD4 1ap\.1 •• iAf~t:iOD ~14e4 1n Sect.-.l II!, 

".,. .oluU.OIl8 ~a • ~ ... rticul.~lr a~'l. fona for input func":iona 

clof1Ded br 

p (t) , P go (i-tIt. ). 

• to 0 

o 0< t < t.o 
(5-27) 

t > to 

121 

In \llbicb c ... 

g (I.~) • P 1 - - + --~ 1- 1 - --- -(n+1) I ( t )n at [( t )n+1 
a 110 to C,,(n+l)t t(> 

10&' 

(. -t:n£~)]: 
p.oto [1- '1 ·s(a.t> - ~+rr , 

!:<t:<t 
" 0 

tt )'1+11 
o J 

(S-ll) 

(5-21) 

ao~llaed ao1utlona tor t.~ 0 .... n-l.5 and 10 are given in Fi9~. 
~-17. 5-11 and 5-19. The no~lia~ solution. aay be u.-d in pre
ItMinary calcul.tion. where the early overpre.8u~a time hi.tory 
(100 to lOO aaec.) can be .pproximated by EQ. 5-27 uaing n-l, 5 or 
10. The par_tar:: to and n .hould be •• lect'.ed 80 that the ap

~roxt.ation contain. the .... tw~l •• a. the .ctual OVef?ra.sure 

up to ~ aaxiaua ti .. of interest. 

The full recovery (r-l) and no recovery (r-O) 
une-4imenaional wave propagati.on .olut:~ )ns bound t..ba! aolutl.ona for 
;~ter.ed:.te value. of r. Given the bounding 601u~iona, an 

upproxt.ation for intermediate Valu.8 of r m.y be m4d~ by 

Ri~le lin.ar interpolation ~n r. Interpolations for atre •• and 

velocity ti:De hiaton.". due to .. tri!Ulg'ular inpl!t ,Ut.' shawn ir 
?iga. 5-20 and 5-21 • 

The aolutiona for stre •• .and particle '\'e:"ocity 

in bilinear .. terial v'.th arbitrary recovery rat. H. due to lJ 

u'iazmular decaying shock lire dertvable froa ReA. !>·-l3 &:0 

o (z,t) • P !1 -~ + i 1 ... r ).' 
& .0 ( to CL to I (5-30) 

p so, (1 +r) t + .-!..L. I 
v (a,t) - pc.-ll -~ eLl

o 
I a LI 0 

(5-3l} 

2.:2 
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" • 
"so 

~_:i~ 
p 
.~ 

<1.2 

O • .R 

J.t, 

0 •• 

0.2 

0.1 0.2 0.1 0.. O.~ 

Cl. t" 

~O.l ··~ .. 2 

fa' 110 ..... 1· aed Vec-U,"al SU'_ 

C·t-- O. 4 
L 0 

z 
~. 

L ~ 

L-..---I L-._ 

O· .' 1~1-
o v.l 0,2 O.! 0.. J.~ O.t f,l,"f 

ib) lIIo ..... hzed p,u'u< ... ".«.cit, 

0.. 0.9 1.0 

Uto 

0 .• 0.9 1.0 
tIt 

o 

';urf.ce Ovt!r,,·, e •• ure p ftl • "fO H-t/to ' 

fiqur. 5-17 Normalized Solution' to Equati~n. 5· 28 and 5-29 for 
n - 1 
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-!-• flO c: a 

0.2 

0 
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0 •• 

0 0.1 

.... au ... AU.~t1Of1 1.1 .. 

0.1 0 .• U.5 O.t. 0.1 0.. 0.9 1.0 

Vto 

(.) Moraal1a.e4 Vertical SUe •• 

PCLv. 
0.6 

p 
flO 0 •• 

0.2 

0.1 t'.2 0.1 0.4 O.S 0.6 0.7 0 •• 

(bl ~t'" •• rticle Velcx:1ty 

'\Utece Ovecpre •• ure ph) • P eo (1 - tlto) , 

0.10 1.0 

Uto 

PigU1·. 5-11 Nol1Aaliaeci Solutioft to Equation' 5-~' and 5-29 for 
ft • 5 
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fi9ur. 5-20 Illustration of Ljr.4~a. Inten.>Olation to Eatu'I.:.le 
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Bet_en Zero and Or,e 
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F ~gure 5-2' 11lu.tratlon ~t Lir\..tur Interpolat.ion t.v E.tiaate 
Parth.!e Velocity T).m~ Ris·or' •• for Strain It.· 
cov{ry Ratlcs Between Zero and On. 
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Equat10ra 5-10 and 5-11 are .1111e~r 1n r ancl, therefore, line.lr 

int~rpolAtion between r·~ ~n4 r-l i. QT.act for trian9ulax input. 

LiMlar interpolation tor in,,~t f.:n • .)t.her tMn tri&ng'llar re

aulta in an undereat~te of peak stre •• and ve.ocity attenuatioa • 
The e~ror i. dependent ~pon ~~ fur. of ~ overpr •• ~~s de ~YI 

the depth of the point ~f intere.t and tha loadip9 wave velocity 

of the aaterial. Within tne to(, 100 feet (10.) of ty:. icd 9eo

loqlc aateriale. errors due to line~r interpolation will ~~ no 

~reater than 20 to lC\ which ia conri~ered acceptable \n Vi6~ of 

overall uncer'_aintit" ••• ociated vith tne bilinear "*pproxi .... .ation 
and the .aiet fo~ of the ov.rpre~~e-t~. bi.tory. 

'l'he predi<.ti~n procedure" '!tllned in the fore
going a •• uaea t' at the atre.. vave propaqate. into the ~r.?~ 
.a a .aock. It ha. alre4dy been nc,ted that .... Q~ed field 
datA indicate an incl: .... in 1'1 •• t.iMe A.the ., .... s vave propa

gate. into the groun4. The b11inear approximatlon doea not 

account for the hi9h prop.gation vt,'?Cid .•• a .. ",cx·iat.ed w4th 

ttwt lover .tre •• lev"l.. High init:i.l valoe .itie. ac", indi

c.ted by "laaiC aurvey. and the i~itiA! l04~ln~ .Lc?Oa of 

Il!Any laboratory .tre ••• train curv.~a. Accordingly. it i. 
reCOUllllended t~at prodic-;..ion. deriv,.,j froa interpohtion be

tween the ela.tic- and no strain reco"/ery Clsa •• be &\Odilied 

to incorporate. ll.near ci •• to peak etl.au and velocity .a 

~rywn in Fog. 5-22 ~h. peak atres. and velocity arrival 

.nd the decay behind the peak. t'e&ilin Wlchan9ed. However, 

t~. lnlti~l .rrival i. a •• uae4 t~ occur at a tiae given by 

vhere 

& 
t .-i C i 

ti - 4av. front arrival 

a - depth 
• velocity of the wave front 

Th~ vavu front v~locity. C i , .hould ~ taken a. the ~n8it~ 
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ri~e 5-22 al .. Tt.e Modification of atr ... and Velocity 
~t.e .1.~rf .re41~100. 

Z2t 

__ -.........""*"4;.:.4. $JlIlI"~~<f$.~~ .... ~>#<,~~.l1'!$"'"'\" 

.. i~~ Veloclty .ince laboratory te.t data .t lvw .tr ••• 

level. are ~t .ufficiently accurate t~ prcli~~ l r.ason.~le 

8ea.are of the 1~4ti~1 lO6Glnq alope. 

~h. con.equ.~e. of ."UMi09 one di-.naional 

vtlv. prop.a9ation in a h~.neuua h.&lf-llpace AU ~ : n a~ d .. s· 

.'r .... nt with .... <1t> ... nt. at 'It .• S VhlCh are .:-:n'1l!l~.· Qd re1-

4tivelv boIIexI."eo\os ' •. Q •• NTSI. In ttK> el •• t.·;; .: .... th« 

velocity ceturna to ~.ro upOn unloadinq but since ~rvL'd vel

ociti •• never occu;: • penw.nent c!iapli ~ ... nt e<!' . .141 to t.lE pe.sk 

Qi.pla~nt 1' ... ina. In the 1lne.r 10.d:'n9-no "_Hun r(t<;:Qvury 

c.ae, l~ ~.rticl. ~~~OClty never return. to ~er~. VhlC~ lead. 

to continually .. ~,cr ••• inG di.ol .. c-..nt. Actu,,' { .. e1d lIMta.lurl'

_nt.e. even .t eo-eal1"-;! r.~ •.• ..ou. alta ••• :""""flit .1"'4Y •• how 

.n UP't'rd valoci .. y ph •• e1 •• '! ~ recove"y c( ~11Ilo:o1ac .... nt, 

The dil>A·r .... ;r.t i£ related to l41'er10'1 An", t .... Clll.llfn.lonal 

effect.. ~al si te. al'e al vay. 1 ayered t'J 150m. en. lent. ,. t 

a ~nt.u.. &~eneou» soile vl11 t9c~ lncreas~nqly atltf 

vith depUl vtu,~h viII H..sult in _ cont ',nuouJiI refltectlOh rn:>eeaa 

vit:~ deptl. 4nd ~~ \llti_te reve ...... l ~f partiel"" Vt.:l0cl":Y. In 

additi;:)D. two cH __ .'aional ef!ect .... i U Qe9rade ':.ne di:wnsion, 1 

aUUJW>tion. at 1 ... ~~ •• 1ae.. H~v',r, the pre<!tct.lofl plocedur •• 

rec~nd.-d an. consider~ ,..., ~_ .... .i.. for •• tilUtelli of th.e ra

.pon .. of relatively ~an .. ou. ait •• and f,;7: eat l_teA of the 

',I'!t':ident v_va p.:o~q.t l:1q lnte the upoer-::.t l"'y~! of layer@d 

a1te. at e.rly t.L". aft.r airt>l.at arriv~l. 

S.l.l Eff.:ct 0: &..iIL.,r itlji 

Layerln9 he. an .ttect upon atles. and ~tlon 

t.iIIe hiatori •• be<::at.:.~ \.J reflectlonf a'\d refra':tlona ",tach 

occur at interf..ct-.. St.ro",~ ... t, "'fl ..... t10n. vi 11 'X'~ur a', 

veIl dellned vater table. and SQi l-rock lnt.rt ,\ ...... , Minor 

layer1pt v:thin 'tCU or -ock. (jr_dual tran.1t1<HHI betweEn 
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.. ~ .. -........... ~~~.~,..~.~ ... ,,--., ......... -

layen. elICIIl .. ai_t. occur ia· HIM-vraiftecl eoU • ...,.. c:apu-

1ary actioa 4r..,. w&.t.e~ aboft the wat.r \.able u4 the flradual 

_titranth9 of a 11011 wi.UL IDCreaaift9 4epUL, .111 cau.e reUec

hOi •• of 1 ..... aaqnitude but at.Hl of .ignlficaace. 0e41eral 

one-4i..n.iOft&l vaYe p~aUOll in I_l .. tic: _terlale. in

cha41nq t.be .ffect.. of layer1ft9 .... y be treat.ad with the _thode 

,iven in Refa. 5-35 aM 1-35. 'I'Me aan;aal e..,loy. ~ eilllPUfj' 

in9 a •• a.ptJoaa to provide inai9ht into tbe effect of layering 

an.;t allow .. c.1_t •• for one or, at .oat. t:wr- &.ayel' inte.rfacea. 

Interf~~e. QQa$iderea 1n predictiona aboaleS be .. 11 defined 
.. te. table. and/or aoil-~ interfac.. ~re t~y occur. 

At rl us where intt:rfacea 40 not OCCUl' at dep~ ~ich will 

<"!flW14 refletc:tioraa infl·~ti.d 4ur in9 the th'at. ff'W huMntd 

ailliaf"ool'kla. ~""'\lII •• t.iaat •• C<1U\ be refined by lntro

ducift9 artificial layer_ whicb PArtially acooUftt. for the .f-
fect of "!~iff ... ; .. ,; .. a.h clept..h. 

P~gure S-ll preaenta a partial vaft troot. 4ia-

9raZ for a _lagle-layer. oae-dieenalonal proO~. ~ ~t

tiona of t.iwt iac:l.:leAt su ..... ~ fnmt and .. ". peak ar. 
1Q.-!icata4 by the <eirClect(D. fte incident .. ft boat. 1_ •• -

• l: .. 4 to travel et. velocity c~, which _) be ukea .. ~. 
.. i_ie ftloc:ity. fna incident. "' ..... peak i .... ...ad to travel 

at a ftlocity, ~~, detent11Md fro. the loachft4j -.ott"lua of a b1-

lin .... r aotre •• -aU:ai'l .00,,1. Inuractioa of t.ue Lacident .t..nt •• 

.. ~ with the layer i~terface re~ul~~ 1n a reflected loa4iQ9 

va"... 0. travelling upwaccl into the leyer a;~ a refracted 

lo.d.inq .... , 0, which continue. downward 11,"0 the half

apace. 

In qeneral. the -:-ef locte4 ...... .,vift9 upward 

ir'.;.O the layer wU 1 1\>1'0 the layer _ter ial to a hi9her atre •• 

le· .... 1 than cauaed by the inc:!dent wave til sc.e di.taAce ab(..\-., 

th.., lAyer interface, ~ a re.ult. biIO wave front.. will 1x 

~nar.te<' by the reflectio:", one with velocity governed by 
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I 
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"1" °2 

1 ,2 
CL• CL 

~1 

oL ... 

>"--., 
' .... ...... ,. 

-,,~ 

...... ,..,.. 
~ "'~~, 

>." ~' ... , 

\I •• , 

- .... dell.itl ••• of the C.verlY1~c:j·<>~,:. ..... and 
under Iy i~ ~lf -apectt. re.~.::u. "...?},., 

• l<..l4cUnq va .. velocities in the OWrlYi~~ .. _ 
la}"u and Qnd.rlyi~9 balf-.pace. hapectf.,",,>~ 

• pelllk .tra •• of the 1nc1d.nt. va.,e at. the Lnt.er:':"~. 
face 

• peak str •• tt of the ref lec;tecS waft at. the Lnt.er
f .... "4l 

Tbe incic\ent .. ". at tbe interface i. taken e. the .t.re •• "ave 
pnldiet:ed Itt. t.he cleptb ot Ute int.erfa~ in It ~&l. Mlf
apaew COIIp08ed of tJw la~r iioo.1t.erial. An ela.t.ic hflection 

proc..e is ••• ~ and. therefore. the t.~ bi.t.ory of tIM 

reflect .... wa~e at. t.he iAt.el'face i •• i.~ly t.ba incident "a"a 
d.ses the reflection tact.or CC*putad ac:cc-rdinv to Sq. 5-33. 
Th. reflect.ion fact.or for peak at.re •• (Sq. 5-33) 1e tneoret.

ica~ly correct. for bilinear .. teriel.. However. the a •• UMp-

~ ... ~~. 

tion of a COApla~e ela.t.ic reflect.ion proce.. i. QL~ t.heor.ti
cally correct. However. the e •• u.pt.ion i. COQ.id~red con.i.t.ent. 

"i t.b the overall Uft(;'f!rtAintiea of the probl_. Aft exact. l"OlutiOD 
,~~ reflection. 1n bilintar aater1al i. giYeD in Ref. 5-37. 

It. i. • •• WMd t.bat th. layer aat ""rial behave. 

ela.tkaUy, 1.e." r ... ina Oft the unload-reload portion of th. 

.t.r ••• -.train Curw'e, £:ter pa ... qa of the iAcident. wave peak. 

Thereto~e. t~ reflected .. ve propagate. upward into the layer 
"it.bout chang •• 

Figure S-24{c' illuatrat~. the wave which i. 

r.flected frca the <lround .ucface. In order t.o .. intAin the 
pre •• ur. boundry c:onditi~n at the .urface, .. unloading (t.nsile) 

"av •• equivalent in. IMqnitude t.t' the incident reflected wave 
f=ca the lAyer interface • .al.t b" created. I.e •• 

cSCt) • -oL(t) 
r r 

(5-3., 
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" .. , 
'''t.. 

''to. 

~r:. 

o· (U .. r .tr... tt.. bi.tory of ~eflecte4 wave fora ground 
surface 

O~(t:) • etr ••• U ... hi.tory of tM reflect*Jd ',;a". frca the 
interlace 

~ •• tt.a~ed .~~.~ h1.tory .xperleac~ at d.pth '1 deteraiDed 
fro •• iJlple a\lf .. rpoeiti_ of t.be VAriOWl ........ ".. 1.8 ahown iA PIg • 

5-l4(cI). SiQCQ Oft~ 41~1?nal eat~te. are reatricted to 
.. rty-~t.e .ffect., ODly the fir.t. layer and 8U4~ace inter
act:l.oo. U~ etmaiclered. a..t.er ~ lIN effect a "Ul ~ CjOYernad 

by ~~Ui~~ul ~na. iacl:utLnq apat.al <U"IJe).-.ion aacI 

'~rriv~~~ frca hi9~~r o~~rpreN~ure l.~el •• 

The .... f~~ct~ vava traa~.itt~1 1nto t;b. UDder

lYi~,. <tuial l.-"y be t.r .. v"ld .~ an incUent .ave .nurini a 

~'".':) halt-.p,,~. The l'",tio 'af the .... k !!'~!".f'. of the 

refr8C":e4 "~"" ... ~o the ~ak .tt"eea '-'f t... .... 1ncident .. va _y be 

".tiaa >ill.:. by c;', 
~ _.,2 
01 In 

tlbere " .. 

(5-35) 

0t peak str ••• of ~>~, ... f .. aet"~ ~r tr~itted .v. 
01 - peak .tre •• of the i!~1d.nt ... ~t the interface 

Tbe .t.re •• t.1aa history at the int ... ~face 1 •••• uar.d the .... {i. 
u .. .incidant "ave .ultlpl~cd by the :,.ctor co~uted by Sq. 5-3.1. 

'fDe interface .t.re.. t.t.e biat.cry ":Y be tt'e8t.ed u the bo\lJlCSary 
condit.ion for a ~eneou. balf-apace prObl .. to deteraina tba 

reaponse ~f the &aterial und.rly~t,~ the layer. 

Early-ti .. velocit.y t~ hi.tor~e. in lay.red 

~la .. y be •• tt-Ated by .~~rpo.it.ion. in • aanner .~ilar ,0 
that for .tr...... In performin9 .uperposition, it auat be r.

c~ni.ec1 that loadinr (coapre •• ivel atr ••• wav.~ cau.e particle 
~elociti •• i~ the direction in ¥bieb the wav. i. prop.9a~ing 

vbil. unl0a4ing (tan.Ua) vave. c"'u.e particla .... locit.i •• oppo
wite to th~ direction of propagation. 
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::: ...... U.4u the .... 'bfO l.y.J: p:obl_ for Wticb 

.~~ tt.. hietorie. hav. beea •• tt.Ated (F19. 5-l1). Ybe in

ci4.; '. ~~ ........ and •• eocl.ted par tiel. velocity tt.. hi.tory u. pudicte4 \u.~ the _tb04. f~ hoa~. unl.,.nd ..elia 

91Ye.tl in para'j&apb 5.1.l. 1. the c ..... o! ~re... it. bas been a.

II!oI1IIW"4 UUlt. the ntfl~t1on pcoc... at t.be tnterface i. el.aue and 

'JOvertWld by t.bII ~-...4inv ~i of the ttllO lIIef1ia but ~t tb.:> nl

fleeted .U· ••• Wave prope~t\D9 upward 1Itt.,. the 1.,.1' UIiI.o =ub .. -

q .. lently r.fl.ct.ecl f~ the qro\1ft4 wr[1ICe 1. 90verftecl by the un

lOolld-ral~ ~l-a. of. the . .aye I' .. t..ri.l. 'ft.- part ic b, velocity

t~ hLatcri •• aa.o.::ia~ '-ith r,flectad .tr ••• va".. 1a the layer 

are, therefore. 9 • ..a by 

"'-;;a 

(J (tl 

"rCt) • prc;; (5-36) 

.1' a ~1cl~ velocit, aaeociated .1th the reflected .tr ••• 

or a refleou.d .u ... 
a .... cIeIlaity of _tar1al 

Cu - .. ve v.locity •• .oc1.ted with ual0a4-rel0.4 .adulu. 

of biline.r .o4el 

~ particle velocities .t 4eptt Sl' of the ain9'.

la,.r .ite of Fi9. 5-33 are ~bowD in Fi9. S-~5. P19ure 5-25(.) 

111aeuate. the p'rtiel. velocity t~ ~tsbDry aaeocl.tecl with 

the inc14ant ~ .. "e. .1nce tbe 1Dci4eat we". 1. oc.pre •• i.e 

and .,.i.n9 4owaward. t.n. aaeociated particle .. lqcitie •• re 4OWD

ward. ~ .. velocUy tiae hiatori ... .,K1.ated with the wave. r.

flected fre. the layer iatarface and the 9r0un4 8W'tace .1". ahown 

in Five. 5-25(b) .nd (e" r.epectlvely. Tbe lnt rface reflection 

1a an ~!l'ard .avinq loadlD9 vave (CQIII)re •• lve) ~. therefore, 

the •• ~~~.te4 particle ".loeiti •• are upward. ~be 9rovnd 

.... 1"f"ce reflection ~Ii • 4ownw .. t'd IIOvift9 unloa~~ w.ve (ten.U.; 

aI!4 the ••• ociate4 particle velocitie •• re also upMrd. The ~ 

po.it..., velocity tiaoe hiatory at cl~th '1' which re.ult. frOID auper

poaition, i. ebowft in Fi9. 5-25(4). 
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~. /'--. 
(t» PaIllel. Velocity-Tl •• Hi"tory Ou" to 1ill!f1,·.uvn f,_ 

Layer InterfAce 

t_ /~ 
(c l ••• 'ticle VelocitY-~'l_ "'S~"':-" 

Ground surf .c ... 

__ t 

uue t..;l ..... t .t.~_ t.lOr.. f.r~ 

j -p-
'dl ca.p. •• ,t. T1_ H,.tury 

....- ............... "_.,.,)o"""!""~~~~ 

Fiqurfl 5-25 Eff.ct of Layerinq Upon Vertic.l Pan.lcllll Velocity 
'1'1 .. Hi.tory in Surfac. Layer 
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:.L~.a J!NLJ~_ ............,..~ _______ , 
.,.",."--~. -,-,~-----

!'he .. 1y d .... rtical 4iap~ tt. hia

tOt"y at a point ia t.he fr.~ field. wbetJw:r t.he CjeOl097 1. boIio

q4tneoua or layered. ia a1llp1y ~ 1nt.qraUoa of taa. pce4icted 

v..t.icel paAUcle "elOCit.! U .. h1atol~ ".109 1Iq. 5-16. .... 

sidual diaplac ... nt. 1a 1nfl~~nced by late t.~ be~.l~ ia

~1u41n9 .ff~ta arci"lnq fro. hi9be1 overpce.SQ~~ 1 ... 1. &ad 
the cr.ter re910a ADd. in Cjeaeral, caI\nOt. be predicUld by OIMI 

diAenaioDal _tbod.. In ("~ ..... here the vert.ical 00IIJP)DeIlt.. 

of .,.Uoa are judg_ to be lAflwauoeil uc1\18i .. l, by .uper
aeiauc airblaat. e.9. in the r ... "iua. be..-th an eirbur.t. 

... rticel residual 4ieplacelMnU can be eati8a~ by coar\4eriat 

vert.ical reaiel.-l auai ... 

!'he residual atr.ln which r ... iaa at a ~ticular 
point. aft.er all 10&4 baa been ~ i. a'-Pl, 

vh«:e 

( . r 
a..x 

(1 - r) 'lIL 

Or - r •• idu&l vert.ical atrain 

r - atraia reco~ry rat.io 

(:-37) 

0aax - ... 1 .. verdcal aU ... exparieacecl at the point. 

"to • uni .. ial 10&411\9 .aclub •• at: t.be point. 

lnteqratioa of Sq. 5-)7 frQll't infinit:, to the cI~h of lat.er_t. 

glve. U\e to'";;..al J:u14ual diap1ac_nt. 

clr - r.. t:.r ell (5-)1) 

~ ...... 
4. =- i-..ot..I1 ""i~.aal 41apJ,a.ce-.at 

Tot'll residual duapleeeiiltnt .l'Ay be esU ... ta4 by eolviat 1kJ. 5-: 1 

9r~pbicaHy or by UetOtinq depth increaenta. 

U9 

.M.~~t.~ ~ ~_-.-e-""""'-"'_., ________ ~ ____ ..... ~,_ .... _~._,.., . ..,."" ..... _ ... ~ .. ,~ .... ••• ,,,_,"' __ "~~'''iI''I ~ ..... ~ !II'~~ 

!he r&8i4ual ~e •• ion 1D ~ particular iacr.-
.. t. 'a 

....... 
rA. 

641'. (1 - 1', T 

6clr • 1" •• 1owal vertical ~ ••• ioa 

0 ... • aver.".. aaxiaull vertical str... raacbeci i.A the 
1Acr ... mt AI 

AI • bei9bt of i.1IIC'~1'\~ of lnter~ 

(S-lt) 

'!'he total r.a1d .... l cli.p1a~t at a particular poi&t ta 

OOIIIpItecl ~ a~n~1 t.ha realctu.al ~"C .. a10iU1 in .. 11 un4er

lying 1nc~nta. 

An approxi_te -.pre •• ion .. y be u.ed fOJ: 

.atillatiDg peak vertical 4i.plac-.a.t. if 8011 propertie. 

are 111 ct.f1Decl &Del historie. are not of iaIportaace. If 

the -.diua below a particular point can be COIl81dered ('..-00-

ably unifora to a ctepth equal to t.he length of the .tre •• va~ 

In the earth, the ... t.ua t.raa.ient ab~lwt. Gl.pl~~ ... nt of 

the point. can be COItpUt.ecl fl."Oa t.he air' hst illpu1&e a. 

where 

I. 

ctaaa • ~ 
L 

I. • to~l airbla.t tapul .. 

5.l •• Vertical Acceleration. . -

(5-40) 

The aaxiaua vertical ~ownward acceleratiQJ\ 1. 

relateel to the ahape of the ri .. tc ~~ aax;'" velocity. The 

ri .. cannot be e.tiasted accurat.ly ~v ~nalytlcal .. thods, 

therefor ..... i~irical proc x\Q).", u. preaented fo/: lUXiawI 

vertical acceleration pradictioa.. 

:uo 

."... 
t 

' ........... 

.---" 
f 
"'....., 



',,-, 

Poe • l~ ~1 .. of partlcl. "1ocl~r. the 

... i_ e-:oelec.~J.OL. 1 •• 1III»1r 

..... ".....'~IP: 
.N.A 

.... • ..n- aoc.ler.UOID 

" .... ~ particl ..... locit! 

tIP: • 1P:1M U ... to .ax~ -\oci~ 

{:;-41) 

A.'! ~ au-face. u.. el_ t:_ L. equAl to ~ ri .. u.. of the 

81r ... 1aat. 1'1.14 teet ~Uo ... ~ li~U. 4~ttaC:Ie of the 

ail'tlla.et el .. t~ OIl 1'1.14 _ peaa til, de-oa O'N~"u. l.vel. 

It 1a .. roe ..arL!, • ftaDCt.iOD of tIM 9roGDd arface coa41tiOl'l. 

("f. 5-10). 1'be val_ of 1:1 .. U .. w&...tcb re."lta 1a accel.ra
UoDa lIIIIPC'rabl. to p .... aure4 f1-.14 "al ... 1. OlD tIM oed.r of 

0.001 MCOIIIIII. ~l1catiOll of • el .. U- of 0.001 INtCOD4 to 

Irq. 5-41 u4 ~.iA\J t.M nRl~. by ZO pe.rceo~ to account foe 

DC.U ............ r1ty of tJae 1:1 .. Fial4a t.ba follow1D9 aapre •• i.OQ for 

.. ~~ YC-4-t:lcal accel.rat~ .~ t.ba aurf~ (a.f. 5-.~) 

.... • 1509[10==1] [loSLfr] fU5pf] 
(S-Ul 

a. .569 [ PlIO lr~oo2".ec]r~.n .. ,/!3] 
-WL- 10011/.:.1 JL '""L l C) 

!'be vela. fOl: c;. ill Sq. 5-U 8boW.cl curraap0n4 to \:hit lIOil ~i

tiaaa at t.ba .. f.ce. 

4epu. 

MaX~ acoel~.tlOD attenuat.. Ea~i41r with 
"1'-'" ~ attaftutiaa ia 4_ .are to tbe iAc:rea.. of 

ri_ \.: _ vital _th tbul to at:teauattoo of the ~ vertical 

"'10<'1t~. '!'be atrat":hiA9 OGt: of tba va". front 1. due to the 
DOIll u...aritF of the atr ... -atra1a curve foe 11011. liDce the 

.u ••• ri .. at depth 1 • .,re .... U~ than at t:ba ... f.c •• it 

is r.-c n 04\..4 tAat tba peak .acceleraUOIl at. ~ be t;ak~ •• 

twice tbat. app&'OpE1at. to a liDaar ri .. t.~ ("f. 5-20). 1. •• , 

au 

'~ ... "".'''''*'~ . >_, ... ~"".{~ ,.~~.'-'IIMo.'''''''1." •• *C:"''''''J.. .. _~ .... ' .,.:w.... "",,",' , ........... ' 

V..x 
a.u • 1 -r- (5-U) 

r 

... uain9 an airb1a.t ri •• ti .. ot 0.001 second, 
t.ba el .. U.- a~ 4epth • wow.d be 

t • 0.001 + ~ - ~ 
r L i 

(5-44) 

.... the valUM foe CL and Ci .re not well definf!!'d, the ri •• 
t18e 1a .011 or .oft rock .. y ~ taken a. one i\.a l f. the t~ 

required for tbe peak etr ••• to r .. ach the d.pth cf ::'o1ter •• t 
,Ref. 5-1.), 1 ••• , 

5.1.5 

1 I 
t.r - f ~ 

Boriaontal Str •••• s and Motions 

~S-4S) 

The one-d18en.iODl'l _thode for "ertical qro",nd 
abock par ... t.r. yi.ld little 1nfo~tion on ~n.i~ont~l .tr ..... 

aA4 no lnforaatlon on boriaontal I"IOtiona. P.ak horlzon';al stre •••• 
IlAY be •• tdated on the br..i. of one-dillMln. iOnAl aSIHlaptlons. 

MO conai.t~t .. tbod, .-piri~al or otherwi •• , i~ pI.sently 

.vailabl. for the prediction of ho~i&ontal wave fo~. Pr~~ur~. 

foe •• t1.llAtinC) peak boriaon,:ltl iiiIOtlona halve cevelvped trOll 

.-pirical .t~ie. and two ul.an.lor-al coda calculationa. 

Horizontal .traBs ~s gen.rally taken a. ao.e 
~.tant t18ea th. v.rtical str •• s, i •••• 

0h - It 0v (5-'6) 

vhera 

0h boriaoftt.l .tr ••• 

K • .. rth pr •• aur. coefficient 

0v • Yertical .tre •• 

2U 
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'd. earth pr."" .... coefh.CleDt. K. depend. upon tile ~opu'U .•• of 

tIM 41011. to ... 4egr_ c! aatw.:aU.Ge, tM .tr~ leYal. th. 001\-

4i t.1oa of latecd ::'etJUeint.. aIMS d.. ... prev!O\l •• ue •• hi.tory. 

A .0.1 e1l111111oiln'i; ~ .. iDCr_-:¢ of ".rt.1cal 

.tr .... J.,' 1_ shown 1ft Pi}. 5-26. ~ "ertieal .t.ee •• iQCr"'n~. 

P"'Od~ • v.rt: lcal .U.in incr_t.. c.,. '!'he lateral .traiD. 

lh' &nd n.ultitl9 lateral .t.n •• depenIS \lpoft t. ... r.at.raut of 

the coatiaiDCj "'i~. UDder co_it.ion. of ual .. i.al .train. 
a. i •• ......s \it'd.r auperMia1c ooaIIlit.iOll •• the lat.acal .-uain 
is :I.ro. 'the t'!drt.b preaaur. coefficient corr.~i.a9 to t.M 

con<i.i.tion of IUO lateral at.raia 1. called tbe earth pre..ure 

CCci~hcl_t at r •• t. ueuelly d •• ignat.ecl K
o

' 

In fluius, Ko i. unit.y. i .••• the horiaOlltal .tr ••• 
H eq.aal to the ".-ti=-l .u.... In perfec;tly ela.U.c _t.erial •• 

}'o 1.. CJ1Yeft by 

'V ·0 · r-=-; (5-47) 

where \I ,a Poi.eon'. r.tio. In _11., t.be iu1w "alue Ito .. y 

be o;re.ater or 1 ••• tb&ft "nit.y "'-... tint' Upoll the ciegree of 
bo.or,en.ity. i.oU'OPY an4 prior 98Ol0lJlc hi.tory. r~r _-.pl •• 

Ko ... y exceed 0.. 11\ c .... 1Iber. Uae eon bile been .. av11. 

preio.4ecl in t.!!\! pa.t by 1ar.,. 4~ of overbut'd.o wlet. have 

SlOC. been .rod.d. The h191. hodaOAul .trea ... _y ~ eft

viaiOMd a. -lockN in.' 

1ft ",""1'.1 •• 0 for .oil. 1. ftO~ c.;)o"lat: ... t but: variaa 

with ftZ ••• lev.l •• Ue •• appUc:.ti'~A r.t •• and vhet.h4ir the 

soH is Mine; loaded 01: unlOAded. .0 4 ... ri"9 unlo.4'ncr q .... r.lly 

exeeed. t.h. lo.sdinq .0 beeau .. of t:~ b~·.t..ret.le nat.ura of .oil •• 

A l~-unla.d cycle i •• iai1ar to t:_ pr.l0e41"9 of eo11 in.it.u, 

For ~ predict.ioa of peak borisoat.al .tre .... du_ 

te super •• i .. ic eirbl •• t., Ko due to an incr.-.nt. of .tr •••• 

r.ther than th ... iat.1Al in.lt:u Ito i. n.c •• aary. Under dynaaic 
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OCXI4i~lOO11. toM 'IF&l\M of litO 4 ••• to a laq. aat-aat oa .... ~ 

or not the .oil 1a .. t.uat-ed. A .tu .. a'G44aalr a,pl1ed t.g .. 

al-.t. of a .. t.m-at.a4 eou 1a Uanaa1t.ted a.Llloat- .. U.n.ly 

Ciro\l9b dM .. ~ pba .. Moe" .. tM loa4J,. rat.ea u. -.c:h hi9bec 

thaa t.M ratee at. ,,"hicb. 4raia.9& can o.:ear. The~.fftl" •• ao asl.NlMt 

a value oL DeU' Wlity $.n .,.t- Nturata.! eoU •• 

a. aaoept.1oa 00C\&r. in ~rr .t.iff cob~.lva aoil., 

•• , •• al.-le of re1.U.,.lt bJ.9b. Uy d .. l ~tr &lUI low pecweabUi.t.y. 

b .Uff ~". eoil., t.be 8011 ak'!letGl'\ -1 ... et.Ufu thaa 

t.ba vatu pbaM, bence. a , ..... lderable put. of tIM 4tP?UIICl dl~.ic: 

.tra .... ,. be u."aait.t.a4 tIU'ou9h the .oil Kalacoa. 'I'b.t~elA'a. 

t.M Ito .alWl will be 1 ... t.J\.aa \&Ilit.y .... fax CGIIpl.t. aet.uraUon 

~ _" be .. low a. Ofte-tIl1.l-4. a yal_ oor,eep0a41D9 to u.. eo11 

Maletor. wi tlIIo"t ... tal' pr ..... t.. 

hI.' 4all .. t.arial. UQdar .uUc 10114. &nil drained 

oalDlbt.1.Ofta. ~ ... ~ a MI_ oorna.poad1D9 to tMt. of the eo11 

..Jtal.toII. !'abl. S-. .... .. ta ~.t.ad 4yMaJ.c; lito value. for 

......... 1 80U oate9Qr1ea. CObael". aoih .~ ca'*JC)daed accoNinCJ 

to CODau~t..ncy which 18 def1D114 beDM.t.h the table. 

lito' values for rock .. y be d.t..~0e4 f~ t.he .laa

tic pECpartLd of rock eozoe.. ....~t of •• rtical and circ~

ferent1&l aUal .. on • .l'OCJt con t.. ... tA4 11l "neocHhed ~r.a.1on 

at th. atree. 1 ... 18 et tL~t ~ill fura1ab tba 4.t.a nee .... ry 

to COIIpUt. Polaaon·. ratio. v. ~o -7 t.he:2 be CCIIIIplted .cco1:~!n9 

to Sq. 5-41. 

Boriaolltal atr~.-tt.e hi.tor',. for Shot paIS~ILLA. 

COft4ucted 1a ... e4a 'fetrt aiu 1U.1I.1vi~. are C'OIIIpU'ed Wlth 

corr •• ovnd~ .. rtic.1-tt.. hiatar1 •• 1ft ri9. 5-27. In apite of 

ai •• 1nq data and .iCJlliflcant. var!atiooa and diff.rence. between 
the available ~tical aDd boriaontal vaveforaa, the hor!sontal 

"Y'I8foraa appae'" to .,enerally follow the vertical .. y.forma. 

2015 
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Tabl. 5-4 

RATIO OF HOUIOMTAL TO VEM'IChL SOIL PRESSURES (RHi. 5-20) 

r--

~o' for Str ••• es Up to lGCO psi 

(6~O N/cu2 ) 

:)ynaaic Static 

SOil DeacrlptioA ; Undrained Undrained Or.ln~ 

Cohe.ionl ••• SoU •• DuIp or D7:)' I 1/4 1/3-4en8e 
1/2-ioose 

1/J~e:nMl 
1/2-100s. 

Unaeturatad Coheaiva So.l. ~f 
Very Stiff to Bard Conaiat.ncy· 

Unaeturate4 Cohe.i'·e Soil. of 
Ne4iua to Stitf COdai.tency· 

Un.aturated Coberive S011a of 
Soft con.ia~~n~y· 

Saturated SoU. of VLry Soft to 
Bard Conai.tener· and COb~~ion-
1 ••• 50ih 

Sat.urated Soil. of Bard Conaia
tency· 

SAturated Soil. of V.ry Hard 
Conaiatancy· 

lock 

• Conai.tancy Definition., 

III 1/~ 1/2 

1/2 1/2 1/2 

1/. 1/2 t.O 3/4 1/2 tc 1/4 

I/2-.tiff 
l/4-8Oft 

1/4 to 1 1/2 

3/. 1/2 

Obtain fra. teat!'! on rock cor •• 
I anu corlelate with •• iamic dat.a 

Conaiatency 
Unconfined cumpre •• ion

2 
S~andard Pe~tration 

Strenqth-qu-taf (N/en) h.t -N-B1ovs Pel' ft.(N) 

V.ry Soft 

Soft 

Mad!\&} 

a iff 

V.ry SUff 

HArd 
V.ry Heel 

< 0.25 ,~ l.4) 

0.25-0.50 !~ •• -".8' 

0.50-1.00 (4.1-9.6) 

1.00-2.00 (9.6-19.1) 

2.00-4.00 

4.00-20.00 

> 20 

(U.l-38.l) 

(l8. 3-191) 

(> 191) 
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< 2 « 0.6) 

2-4 (e.ti-l.2l 
4-8 (1.2-2.4) 

8-15 (2.4-4.6) 

15-30 (4.6-9.1) 

" 30 (> 9.1) 
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~ 
:J · • • Q. 

.1 

t • 0 • .)01 loeC o 

fI(.'¥)O to • 0.256 sec 

'>Sf ~., 
I I I Ii i I 11 . II I I I II I I '1 

3.2S 0.)0 0.15 0.40 0.45 0.50 0.S5 sec: 
-75 

.2:~~ :0 . O.21~ Sec 

-l5~ 0.10 Sec 

60150 t· O. oN1 sec 
.~S 0 

t"", .. .q$ ""-'''''1" .. 1"''1,, -25 0.25 0.)0 0.35 0.40 0.45 O.SO 0.55 Sec 

7a 
• 7S r 

. '" 7CVS 

t • 0.268 sec 
o 

t. • 0.210 so.: 
-:l "l I I I I I II . ~ I i •• rn'-t4 j I I I • I H i It, '5 I]' I If'. ~ 

-.25 0.25 o. ~') O.l~ 0.40 0.45 O.SO 0.55 0.60 0.65 Sec 

lev lOa.. IIecor<l 

Figure 5-27 V6rtic.l and Mori.onta1 Str ••• V •• Ti .. , Static. , 
eea, 1050 ft), Sbot paISCILLI ,aaf. S-lt) 

2" 

I 

n.. concl ... 1on of .1ailarity between tl.e vertical and boriaoot.al 

.~ ... vefo~ .. y be related to the rela~lve ~~enelty of 

t.ne t •• t .it.. ao...~.r. U. i. tentet lvely r~ndect that the 

borhontel .. vefon be • Aen .iailar to the pr:edicted " .. rtiC411 

vavefon reQ&r41e •• of .it.. coD41twna. 

Eatillate. of Uo'-:\coot,al .~t,. cf acceleration. 

veloclty and 41~la~nt .u.t ~'ly upon .-pirieal data and two-

4t.en:1onal ~etica1 aad code c.lculation re.ult.. At rel&

tive:.y boeogeneou. 8it •• , the ratio. of PNk boriaoatal lIOtion 

cOllpODent. to peak netleal caapoaell~. appear retated t.o tb. 

&o91e of inclination betwee the iDCh\ent w.ve front an4 'the 

9tOund .urface. 

TWo d~n.ional .tu4i •• of auper .. i~ic airblaat 

iAduced qround ab.oc:k i.\ ela.tic Wll.y&r4ICS lledia (Ref. ;-)2) iocU.

cat. the -.ot10n •• t the vave front occw' perpendicul AC to the 

.. ve front. Therefore. t.be r.tio of the bor iaontAl cc.por>.nta 

of IIOtioll t.. the "ertic.l ccaponenta of .lOtion .t the wav<.$ froDt 

in an ela.tic llediu. i. equal t.o the tangent of the a.nqle of in

clination of the vave front wi t.h re.peet l:> the grol.4Jld aurface. 

(S .. Fig- 5-28(a), or 

where 
8 

V 

8 

; - tanS - t.n,.rcainfi) 

bori~ont.l •. :~tion c AIlpon.n~ ,,~ wave front 

vertic .. l 810<..1014 coaponent .t w.ve h-ont 

angle of iDClinA~ion of ~.ve front 

C • dilatational wave ~41or.ity 

U • .irbl.at .hock frol.t velocity 

(5-") 

W.ve propag.tion ~:" .... 1 geolQ9ic .. t.er hI. dif

fera fro. ala.tic WAva propagation in that lover .t~ •• a levela 

propagate at the .. i_ic velocity, Ci' while aU ••• '\)aak. propa

g.ta at the velocity .a.aci~ted with the l~iD9 .odalua. Cr. 
Tba wave fronta .nd 1oe11n't100 .ngle •• aeociated v~th the two 

velocitie. iD. '~eneoul hAlf.p.ce .re &hown \~ fig. 5-2&(b). 
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Peak drvnward vertical acceleraLions due to the 

incident va .. uaually occur vloth the arrival of the ..,ave front 

end. t.herefore, it ". reca.wDdfOd that tile ratio of peak oori

aontal acceleration to peak vertical acceleration dl.le to the 

lnci4ent atre •• ..,a .. be e.tiaAted by Eq. 5-48 u8i09 C - ':j' 

Peak downwar.i particle velocities nua to the 

inci4ent .tre •• wave oc'ur .iaultan~u.ly with the ~.ak strea. 

and. therefore. it ia re~ed that at h<leoqeneou. site. the 

ratio of peak bori.oneal particle velocity to peak vertical 94£

tiele velocity Que to tbe incident atres. wave be e~timated by 

Sq. 5-48 u.1n.J C - CL " I, ... wu.ng a!Jr i 1 ... -~~:.~ ... and oct'i%ontal 

particle ve~ocity wavefc~,. at homoqeneous tiites leads ~ the 

u~ of the .... ratio for peak displaceaents as uaed for v~loc1-

tie •• 

AvailUl,. <iata on th! ri tl.OS of hor hon till to 

.. rtieal ~tion oc.ponenta tend to scatter. There lS • deflonite 

t.'en4, ~ver, toward increa.inq ratio. a. the airblast shock 

velocit.y ueca)W. The r.~ndat·ona bel·ein are conaistent ..,ith 

the 1ncrea.in9 ratio trend and lie within the scatl,~r of the 

uta. 

Horiavnc.al coaponenu. of velocity ~.nd displ"ceMent 

at laye'ad .itep .. y be significantly higher than at hoaoq~~eo~ • 

• ite. ~.:auae of reflctCLions. Althouqh there aT!~ no e}(illltinq 

data for layered lIite. subjected to airbla.t only. the t.;Xl.stence 

of lar9. hari.ontal component. of velocity and dIsplacement is 

aU9geated by two-d1Jlensional axi.ynanetric code studie .. ':leta. 

5-40 and 5-41) ..,hich ahould be at least qualitatively , .. J1--.~~':'. 

aefleclions tend to enhance the O'ltwlln) "t.d reduce 

the downward ~tiona t)f the incident wave. Typical vertical and 

borilontal particle veloeiti •• from calculation~ tor a .in~le

b~r .ite are illustrated in Fi9. 5-29. The effect vf refloc

t10n ia evident in both the vertical .nd horizontal pulses. A 

.... or ob.ervation i. that peak horizontal velocity does not occur 

at t.he wave front, a. doe. the peak vertical velo·: i ty. 
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lr: tne pr ... nee of atron~ geol'39ic lay.riD'). 

the calculatl~ •• U99 •• t that pea~ horizontal veloc1tles ... y 

be approxiaately 2/) of the peak verUcal vel.)City and that 

f.ak horiaontal di.placement ... y range from 2/3 to 1 tir4. 

th. peak vertical (Ref. 5-41). The recOlnaoo.s horizontal to 
vertical ratioa for layered aite. and no-oqeneoua aitea are 

.u..ariaed in Table 5-5. 

Aside frca t",,-4t.enaional code calcl.:.lation., 
there 1. DO reliable .. thad available for the prediction of 

boriaontal air~la.t-l~uced pulae &har... In ~.~ue 
..si., where peek vulCX";.til'"~ are eXlKocted to Q('"~ur at the 

wave front. t~e boriaontal velocity pul .. '-~ early times •• y 

be a •• uaed st.ilar to the vertic.l pul~.. Late-tiae hletory, 

bo~ver. is uncertain. I~ vill be influenced by arriVAls 

fro. higher overpre.a\~e level ••• well a. by refl~tion. 

which inevitably exi.t becaua. of real i~eneiti.8 and 

layer. at aite. vhich are aa.~ ha.ogene,u •. 

In atronqly layered ..sia, the peak horlaontal 

velocity doe. not occur at the inc .dent front but oc( urs 

l~ter in tt... the calculated time hi.torie. given 10 Fig. S-29 

provi4e a clue to cxedible .hape.. However. there is no re
liable .. thoJ avail&ble to e.tabliah the characteristic tiae. 

needed to fully e.~iruato the tt.. hiatory. However, t~e arrival 

of the .trong outvard aoveaent .~ld be consistent vlth the 

~avel ti.. frca the .urface ~o the layer interface and back 
to the point of intere.t. Tl. d.v.lopaen~ of • plausible 

boriaontal velocity vavefor.. i. ill~strated by a ~uaerl~.l 

eaa.plo in Para. 5.7 • 

5.3.6 Outrunnlnq Ground Shock 

Depending upcn yield and qeolc'9Y. grcurd disturb
~nce ... y arrive at a point of intere.' prlor t. ~h~ ~rr1val 

of the airbl •• t. The •• early disturbar.~es may rti_ult trom 
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"tule 5-5 

a.c~ 11.'1'106 or PSU: IIOItIlOlftAL'I'O PSAIt V£RTlCAL 

<iROUIU) saoa ~ III ':'1m StJPDSEISltIC UGI<lB 

Layered Site. 

I - lit.. .. .. Pron. I La .. T'-

I St.h~ It It - -o 0 

( C.)- ( C1) 
Accelera ~iOll t:&n area1. iT tan \llrea1n T l -

Velocity u.:-, ~aC'eai. ~) - tan (arcaia ~)I 2/3 

. l.lillpla~t tan (.rcain ~ f 1 l. u 

- I f tan (area ill ~} > l. let peak hor i zonul co.ponent equal the 

Pl-U vert ical c.:3III';)neDt. 
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air-lnd~~ energy pr~pa9atlnw abo.d of the .irbl.st ;~ve ~~ 

u.. aurfa,-a lay"r or fro. enerqy which t ... been n!'fr'~,·te.,1 l1'to 

a d .. per, faater lay.t'. Ener9Y in the laf~te .. case 1Ik.~ 00 Ji-

rect induced or on.9inat. in L~ upstream al oJ;.:.: ;uch 

early diaturbane •• , re9ardl ••• Of .olr.erqy.o .;~. d:"e <..,,';'l'!,' 

outrWlftino 9:oWld .ationa Leeau •• thei' O,l~r :. ~i'l;; .. ir!::;':'~~t'. 

The charaeteri.tie. of .at ion •• rr~ving ~riv: ~c the ~irb14.t 

are .ueb th.t their aourc~ i. DOt di.ti~~~i.h.~le, 

The ranqa or . ·verpre".ure at which o:;trunn.l.n; 

flrat occur. i. a function of weapon yield, height of bun't 

and aite qeology. For low-yield devices and de~p salf.~e 

layer., outrunninq generally begi.ns when the velo: ~ ty ot th~ 

airbla.t wave fall. below the dilz.tatlonal w.v.! 'J~locity in 

the surt.ce layer. A. weapon yield inc.ea.e. and, therefore. 

hiqh ovecpr ••• ure. extend to larqe, rAnq-=. ,;"Y~r: }'Ing layers 

beco.e .ore iapc.. ... t.nt and outrunninq aay occur at relath·e.ly 

hiqb overprea.ure.. k.lcally, energy ........ lonqer t.l.l. 1. 

which to travel through a f.ater uMeriYln.; layer and ati.ll 

arrive at the surface ahead of the a.l.lblast. 

Apprt.lxiaate overpressuroe£ at wh.H.h (nt f'UIln.l.ng 

aiCibt be expected to occur at uillayeJC!4 ~ite..J are ~ .. \{.II • .In 

Table 5-6 for vuioua INterialli. Predictie>n of the ac\.ual 

overpre •• ure at which outrunning eq1n. ia ,r·~·~; l~ para

gr.ph 5.6 whic;~ deal. with e.tl/Relling the Con-.bl .. b. effec~ uf 

~round sbock trOD all .our-ce •. 

The actu,,"' a:>tion which occurs at a po1nt 1n 

the free-field 1S tne re.ult of some cOIll(.,lex .u~'!PCtilt.on 

of .iCjJn&la arriving trcliJl varlOU. sources. Typical 'vertl-::-:l 

particle velocities in the outrunnlng region aH: shown 1n 

Fig. 5-30. The effect of the air~la.t ,urivinq .It the g~'4\,; 

.tatic'ns .... evident in the recorda. The ~ak ac,'eleratlons 

and vell'\Cities at .irblaat passage III"Y b4! lal-qer or smaller-

2!>' 
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t'abl. S-" 

AFPJlOlIMft OftICPRESSUDS AT WICH out'ltUIDfIr. or GaOUItD 

laYS OCCUIS til uta..AYBUO GEOLC»JU ("f. 5-19) 

r~noaU, __ ~r. .. \lft. (pal ~ Oftrpr. •• u.* (N/ca2) 

All\1Viwa 1 ••• tbaA ." 
1... than 21 

Gnvel (4ry) 10 - 100 7 - " 
Gr ..... l (_t~ 40 - SOO 21 - 345 

Sandy Clay 100 - 500 " - 345 

.... nd.t:on. sao - 2000 345 - nlo 

Shale I Utl - 1500 no - 1720 

Li_stONt 1500 up 1010 l,;,p 

........ ,phlc L __ 1000 up 690 up 

Gran1te 1000 ~ 2070 up 

L. ______ 

*Cut.runniA9 conditionJI .. y be .,..t:lclpat.'1 et overpresaur •• 

1 ... than tho .. tabulated 

.. 55 

ri'J'l!.,e 5-30 
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Aithla .. t '·'''ICIVC! 

ltwaS(: o ... ~ 

lOOa.~ ... 
..-.-...f 

Typ:",::al Recorda of Actual. Yflrtfc.l1 I'L)tlon:. at 

Several Diatanee. from Ground Zero In ~ub.elamlc 

it".;;iOl •• TUMBLE}( SIIOT 1 (Ref. )-1) 
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than tho •• ~~ich woul1 re.ult fro. ~~ &irbl •• t alone because 

of JY)tions already in pr"vr ••• ire. outrurminq aources. Refer
ence 5-1 present. an app~ch to outrun~ing v~loc.ty and dis
pl~cesent prediction Wh4Cb suqqests the s~pe~.it1on of a 

~ner.l ou\.r .. Hmi!l9 w.veform v" t.h an airbl •• t:-1n4uceQ vave.,:,ra 

rr.~icted a.auainq auper .. 1 •• ic c~nd1tion •• The aver.ge of 

~.· ... '\t a dOlren outrunniJ'Cl cbsea. :ationa aug-lest.s the general out
r\l::~nl' 9 vertical particle v.lociti lr&vefora (:\ef. 5-1) shown 

in Fi;_ 5,31. Rl~h frequency ooaponenta of the IIOtion w.re 
filtered out in t~. averaging proce .. and t~e re.idual di.pl~~e

.. nt v.s takea. ~.~o due to conf11ctinq data. 

"e ... ren<.. .. 5-1 lJU<;igeata a choAracterist1c t~. 

T 2' ... ! the geft('raJ. "., .. fora vhich appe~. to be related to the 
diff_xence between th~ ranqe of interest and the range at which 

ou!.runnin'l first occurs, as 'liven by the ~elation 

where 

T2 - 100 + O.2S(!it) 
(5-49) 

( t~) T2 - 100 + 0.12 rm 

T2 - characteristic t~ in aillise~ 

AP - differe~~e between the ground r&D1e nt interest and 
range At vhich outrunn~ng firat occur~ 

r~terence 5-42 present. the followiDg correl.
~inns. irrespcctive of si9~. for maxi.ua vertical velocity at 

the N .... .c:. 'rest Site .,n4 Eftiwetok Provinq Grounds under f!J1ly
deve.lopt!'d. outrunnin'l ground IIOtiop\ conditi,:,na. 

":-1:'1 

[ til] 2l1rlft]1 
v. • 2 x 10

8
ft/sec rMf l-r-

(5-50) 

y • 2,2 X iota/sec :-:n- l T [ 
w }21l rla]2 

a 10 j 
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£P(.; 

[ W ]2!l [11t]4 v. - ~ . l07ft! .. ~ IMi ~ 

v. 
wh.re 

(

If 12/3 r1a ]l 
• ~ • 5 • : Q Sal ftoC::t'S":"'j l T 

10 j 

v. - ~k "'rtA,cal part:cle Yelority 

W • noain~l yield 

R • rar.98 

(5-51) 

llr-terence S-l ncrte. t.bat th- ! a!.. ratio or coeff! ~lent. i. r~'9hly 

c<.n.iateftt w~ th the 5,1 n.tio of ne.r-sUl ~.ce .. i.-.1c .. laciti .... 

~ tween EPG and N'rS. 

A •• uainq that ~~ticle vel~lty i. iaYer •• ly pro

portion",l to the p: Q('\lCt of ......... .s.n.ity And .. i_ie .. locity, 

td:ia 9 inllltu unit \reiCJ"It.. ot 120 pef (10' :x 103 1t9/a1 ) for both 

EPG e"cl NTS. and ne&r-.UZ'f .. C8 .. iwic ,-eloclti" of 5500 fp. 

{168 n't...tc) and 1200 C..,. i)6.41 ~/SCrC) for g:; and vrS. reapec:

tively. r ... ~ult. in the followi.:"9 a"eraJe relatioa for the p86k 

vertical particle velocity. v.' of t'le 'Jeneral out.cuftftiIl9 _ve
tona 

v. • 1.1 x 

v - 1.6 x l"I 

""'ere 

I08f'./"Cb~]'tilp~tr[1..Q.~]~OO~fP!] . 

f ]
213 2 r] 3] (5-52) 

lO'alHC -~ (la:.]. !.Lk~ [!h:!.!L.!] 
1.. 10J.;)j ... l r C 

p ....... den.ity 

C ' aei~.ic velocity 

Peak outrunnin,. horiaont:al particle w!':'-:lti •• are ia the range 

e! 1/2 to 1/4 the aax~ vertical (Ref. ~-l). For lack of con

clusive ~ata. it i. r~~~ed that the qeneral hor~&ontal out

ru~r',' n:f wavefvt'WI be taken airt.ilar to the v~ctieal \avefor..-.. 

rhe ~l{tte .ublast-induced 9round aotion at 

25t 

the point of'inter.at aay be e.tt.&tao bl' .uperpo.in~ the qaneral 

outnmnin., .... fona of ,'i9. 5-31 vith • v.vetona predicted on the 

ba.i. of .up.raeiadc ... uaption.. S~p-'trpoaition must be in ac

cord vit..h the relative ph,'1aing of the tv" .ffect,. which ... y be 

calc'llate.l \:isi~ t.he t:rocedure. of ~r.9r.\ph 5,6. Slmple super

po.ition re.ults in reasonable approxiJllath'n. tu cert.ain outrun

n1h9 grollDd aotion dAta a. 1.1l;1.Uated 1n "'.g. 5-3;', An example 

illuatrating the auqq •• ted ~thod i. present~~ in para~raph 5.7. 

'fhe variation (Of O\Itrunninq .U,.ct:a wlth depth i. 

uncertl' in. Since O\:.trunnlng aot.10n. 1n JUny ca.,-s oriCJlnate in 

a layer at depdt, it i. possible t!wat ollt.running- lUy ~ stronger 

at depth than near the surface. In the ab.-nee ot sufficient 

dat.. 1~ i. ten~atlv.ly r~nGed that the outru~~ing wavefo~ 

(Fig. 5-32) be takeo conatant with depth. Th. etfec~s 0: the 

airtlast pa •• ie,q the point of intereat mar ">e allowed ~o a .. tenu

ate a. predicted by the I1Iethods of para\jr-.,h 5.3.3. 

5.4 DIRBCT-II"DUCEO GRCt'ND SHOCK 

5.4.1 !!!!~oduction 

Direct-induced qro\",d shoCk is defil'ed in thi, 

.. nual a. tha qround .hoc~ which £e.ult. fro. the initial .tr~aa 

wave due to the direct coupling of en.rqy into the a:~und at the 

point of detonatiOf. For fully-cont&ined burat$, it ia the only 

fOr1l& of 9round ahock .-bich exist.. For hi9il altitude air blJr.t., 

it i. Done7i.:ent. Fv bur.ts at or near the surface of the 

9rou~, direct-induObd ~~und .hock i. the d~minant form of 

9round .bock beneath th6 'urat point beyond the c.:atet reqi>n. 

':'!'l'toretical "lOIDputer code. for treating direGt

il'CiUeed grouns •• 'lOCi( 6"e nc. yet developed to a ataS'. where high 

COl tidenee quantitative pred,etlens can be obtained. "vaihble 

pre<iictivl'l .. U·'lCS. are large If a_i-eapirical in nature. Tte 

bulk Qf e.phical data ie fro.' f ... lly contajred nuclear' bUl'lzt., 

.everaL of which are listed in Table 5-7. Oata from moat tea •• 

conduct~ prior to 1964 are consolidated in a .ingle volume i~ 

Ref. 5-1. 
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Tabh 5-7 

'IOMt. CON'l'AINEV HUCLBAll TESTS PR\.)VIDl"iG D1RE2T TMhlCElJ 
r.OOUND S.IOCJ( O\TA 

MeJiua 
, 

Shot Name I ~ 
FISHER 

I A11uvlua* HAYM.\JCI.R 

HOGHOSE 

RINGTAIL 

RAIN I i::R 

TI·ff EVANS 
(5el .. 1C Velocity - T/.MALPAIS 70(;(1 fosl 

MADISON 

Granite HARDHAT 

(5eiaaic Vel~ity - SHOM. 
11 to aooo fp.) 

PlLED.~IVER 

Dololllit. HANDOQ 
(Sei_ic Velocity -

14,100 fpa) 

-~--. 

~n1e.l.t. 
LONe.SHOT 

S.i .. ie Velocity - MILf:OW 
14,100 fps) CAm IXIN 

- ! L I GNOME 1 Salt 
(Sei .. ie Vel~:ity 

13,400 fps) ~ __ l 
• 

13.3\T 

48k'f .. 
4.9kT 

1. 7kT 

55 tons 

72kT 

--
5.9k'!' 

12kl' 

6.1.kT ---_ .. 
10k. 

-
81kr 

IMT 

SM'! 

3kT 

.--~ Yl eld 

(5.6; x lC 13 j) 

;2.0,. x 10t'j) 
I 
I 

i2.0~.~ 101l_j) __ ~ 

(7,11 x l012~1) I 
(2. jO x l:)l1j) 

1'.01 x l014j, 

(2.47 x Iv13 j) 

(5. n x 1013 j ) 

(2.5:; x 1014 ) 

(';.18 x 1013 j ) 

(3.39 .( 10144 ) 

(4.18 )( lOlSj) 

(2.09 x l016 j ) 

(1.26 x 10 13 j) 

Sei .. ie ve'.ocity va.:-i.a with d~, t.h ra.lging !:o ... 3000 fps (9~" 

•• 

aI •• c) frc~ 175 feet (53 .) to 650 f~a~ (19R m) to 10,000 fps 
(3050 lI/.f,C) below S50 feet (196 m). 

Cla •• if ifd Yield 
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The extrapolation of ~tained nuclear results 
to th~ n~ar-surfaoe ~rst configu:ation cequire. information 

or assUMptions regardio~ initial energy coupling, acaliQ9 re

lationa, m.te-ial proPQr~y dependence and free surface effects. 
Initial en-rqy coup~inv considerations ate deacribe4 .A ao.e 
detail in paragrpah 5.4.2. ScaUng, .. ~erial depen4ence and 

free surface effects are introduced ~n the follawiQ9. 

SCalinq and .. terial proper·y dependence rela

tions are r4Kluirp,j reqal"dle.s cf whether the burst is contained 
or near-surface. Y1el.1 scalinq relations of the fora given be

low bave been reaaonab'y suoce •• ful in correlating pe6k .,tion 

data fra. contained nucl~r ~.t. in a co.MOn .. terial. 

whe~e 

a.,t/3 • f (R,lWl/3) 
) 

• - f2 (JtI'wl/3) 

d",l/3 _ f {R,. .... l/l i 
3 

a - pe_k acceleration 
v ~#&k part1cle velocity 

d - peak di:placement 

R '" range 
to_ . yield 

(5-53) 

(5-54) 

(5-55) 

~e introduction of s~ple .. terial properties 

inca contained scaling relationship. doea not provide cvrrdla

t.ion over the range of .. terial. for which data i. avaUable. 

Dimena'onal analysia, incorporati~J seiaaic velocity and .... 

density (Ref. 5-3), collapses hard rock data (granite, ande.ite 
and st.lt) but d~. not acc:oun~ for data !.n tuff. The cHrect 

introduction of aei~ic velocity into scaling relat:onldips 
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baaed ~pon elastic plane wave propagation theory (Ref. 5-20i cor
r~lat.s granite, and.site, and tuff ~ata but doe~ not acc~u~t for 

.. U: data. Both .. thod. faU to explain alluvium data. ~ht: I.1se 

of a .ingle .. tertal para .. ter. such as seiUlie v~locity, Si:lllly 
cannot account for the wide ranqe of beha\TioT• of dift.rent geolo

gic .. ter1&ls. 

In spite of diffic~lt·~. in developing satisfactory 

correlation. appli;able to all .. terials, the .A~ating data base 
i. sufficiently large to allow division of the' data ~nto th~ .. 
categoriesz hard rock (granite, andesit. and salt), soft rock 

,tuff) and dry soil (alluvium). R~ference 5-46 haa m&~e such a 

4ivis1on for hard and ~rous rock. 

.. .. jor ccllaideration in relating contain.. burats 

to aurface bursta is the effect of the fre.-aurf:acs. For a sur
face burat, the fr~e .urfa~~ ~~~tw~~. tne .otionfield to the ex

tent that tbe .asu.pt1on that pe~k direct-induced motion. are con

atant along a spherical contour becomea progres.ively worse a. the 

location of the free-field point of i~tere.t appr"~.che!! the qrour .. 1. 

surface. Although the direct-induced .hock frant 1s approx~tely 

spherical, the ca.bination of free surface and material strangtb 

effects lead to lover peak stress.s and velocities near the free 

surface than at an equal radial distance on t.he axis beneath the 

burst point (Ref. ~-44). 

R( ~rence 5-45, based on experiments in soil, aug

geata th~t the «ield b6neath a ~urface burst may be thou9~t of as 
conaiating of three regions a. d~~icted in Fig. 5-33. Region I 

consiata of a spherical ficla with~n s conical .u~face with an 
~pex angle of about 30 degrees. In ~d~ion II, betwe~n 30 degre •• 

and 65 degrees, the motion is direct£~ spherically but the atten
uation rate is higher than 1n region I. Above 65 degrees, the 

direct-induced .otion 1. dominated by the .tte"~ation effect. of 

the !re. surface and OCCUl'. in complex combination wilh airbla.t.

induced effects. 
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5 ••• 2 Initial Eneray Coupling 

Ene:gy coupling differences betwe~ igh explo"'\,,, 'I 

au4 Rl.lclear sour" ~s were introduced in Section IV l. •• conne.;,;t 1.':: , 

with eratel:ing ",ffic.~.ency. Basically, the fact that nucleAr f";,c

plosive" p ... rtition energy between radiation and 1'I\O\'ing born!:: l .. uru; 

caus.s a aiqnificant utduction in en~r-;ji coupling as the bl'!rst: 

point .oves tr~ s~~llow burial to 5urface contact (weapon C.G. 

sl1qhtly above the Burface). The reduction is cause,j by the ab

sorption of large amounts of radi ltion by the air in thf! contact 

burst eonfiJUration. The absorbed radiation is reami ,:te<1 over a 

rel'lt1vely long period of tiDit and doe. not contribute to initial 

enerqy coupling (Ref. 5-44). 

The .. jar f"\ctor in energy eoupling for ·,'.he near

aurface (contact) bu.'st configuration is the part ition between the 

enerqy eontained in radiation penetrating the weapon CaStl and the 

kinetic energy in the moving bomb debris. Energy density or ratio 

of yield ~o char~" mas. ia often used to account for diff~rences 

1n the coupling of different sources near the ground surfa,:e. 

Since energy denaity re~l,ects in a. general way the 6IlIOWlt of maGS 

-available to eon~ain radiation and Subsequently couple as ~'ving 

debri". energy den.itl' is a qualitative indic~to:c of a.a amount of 

..:nerqy which will eoul--Ie in a n~llr-sur f I\ce bur.it. However. t'ur

rent under.tandinq is not sufficient t. <lllo," hiqh conf i.""' :.."ce 

qullntitative estimate. of near-surface bur ........ -:·.;. .. .i.!.nq, 1 •• a xe

sult. extrapolation f1. ... contained nuclear bur oats t.' :~::: ... r-surf,\ce 

bursts ia accomplished using empirically inferred relationships . 

An equivalent yield, We' is defin~d as the yield of 

a eontained nuclear explosion that would provide th6 8~ peak 

qround ahock quantlty as that observed at an equal range benoath 

ground aero from a nuclear near-3urface burst of yield W. The 

equivalent yi~ld concept i. illu$trated in Fig, 5-34 f0r peak 

str.ss and particle velocity. The equivalent ~'ield for peak 

stress and velocity generally i3 greater than the equivalent ~'ield 

for p-ak displacement due to the fact that fr~e surface rarefac

~ion. tend to redu~e displace~nt8 i~mediately but require lome 
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tiMe before they influence peak .~re.s,. an~ velocities which ~

cur .t L~e wave front (Raf. 5-46). In addition. the equivalent 

yield for diaplac..ent .p~ars to be material depend~nt, i •••• a 

function of how fa.t the rAreractior moves throu9n the mat~~ial. 

Reference 5-46 co.pare. the ground shock data from 
a low yield bave buried nuclear wvent in gr4nite and • low yield 

."rface tange.lt nuclear €vent ~n tuff, both detonated on the 

planar .urface of h_i.phe~ic.l cavit.i.ea, with ('()ntaJ.ned data from 

.iailar geolO9ica. Considerin9 the di!fere'lcea in energy c;io::naity 

between the cavity shot device. and .a4ern weapou3. Ref. 5-46 re

~n4~ the equiva'ert y1el~ coupling tactor. (We/~) 91ven in 

T&b~e 5-8 and 5-9 for hard rock and tuff. Since peaK accelera

tiona occur at the wavefron., it i •• x~cted that equivalent yield 

coupling factora tor peak .tre •• and particle velocity are £qually 

applicable to peak acceleration. 

5 ••• 3 Contain.o Nuclear Bux.t. 

Figure 5-35 pre.enta peak particl~ velocities !~ou 

contained nuclear burst. in various hard rock ge01'>9ie&. In .pite 

of differences in .. terial types and .eismic veloc~tie., all oi 

th~ ~ata are confined within the bound. of the 9ranite data to a 

~ai.~ range of about 1000 ft/kTl/3 (1.89 x 10-2 n/jlll). bayonet 

whic~ tb~ .. it data is .lightly higher than the upper 9ranite 

bcxc' • ..l. Figures 5-36 and 5-37 present peak di.pl." .......... tiO ::..-::! . e
cel- ·.~_on •• respectively. in hard rock geolt;)(J'es. As with parti

cle ~~locitie •• the bOund. Qf the granite di.place~ent and accel

eration data enco.pas. lIIOat other hard rock data over .. col",-~d.:

abl~ range. French contained data in Sahara Bogger ~:.nite alao 

faU within the bow.da <,f U.S. 9ranite data (R .. !. 5-46) • 

The comparisons of Figs. 5-35. 36 au.! 37 indicate 

that the effect of material diff~~ ~~~5 between ~mmon hard rock • 

i. witt-in the scatter for a 3ingld rock type. The fact i;~"t .alt 

data ia not within the &~atter bouds a~ all ran~e8 is not dis

turbing .ince •• It i. not _ ~n g~oloqic materia) and i. some

what unique in that joint. and fa~lts in salt tend to heal them

.ttlve •• 
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Av.r~ b.arCI l"ocJt data ...... t taat Itt. rea
lIOoable to .. tabliah a .in9le oat~Ol"y of .. ter!.a! called -hard 

rod.' which _00IIIIp& .... p-anlu, andealu an4 other relatively 

OQIIP&tent. altJloU9i.l jolr.t.e<.S 1"OCk. aw:h "'. ba.a~t. gnel.a, quart
d~ and dolorute. Sel_1~ .. loclU .. of -hard rock- will gen

erally"be 12000 ft/aec aDd greater. 

The peak qround lICIt-iona at 1nteraa4iab> o:.n~·. 

~ to contalDad buraU in harcl rock ,.y be e.tiaat.e4 by til. 

fell'lV1neJ relaU ... ~~. wblcb clafine the approxillat.e boun~ of the 

qruit.a data. 

wbere 

I fI .2"3, R I': 
" - 200 ft/aec tiifl' ,!1ll£ 

• w i 2/3 ! R (2 
" - 2. 2 .... a.e l:-:u:-, I i.ka I 

10 j 

5/6, R .-1/2 
4 • 200 in!t;fl rrrtl 

" 5/6 R -3/2 
4 - 0.26 ·I~I iIkaI 

I " II It ' a • 3500 9!rMT lkft, 

, " Ibla' a - 7.2 q'::r-:-. I 
'10 "j 

~ • peak 41spl.~t 
v • peak particle velocity 

• • peak .cc@l~ra~iOft 

.. - yield 

• • :--angf' 

-4 

-4 

t Q factor of 2.5 

(5-56) 

! • factor of 2 
(5-57) 

! • factor of 2,~ 

(5-58) 

Fl¥are. 5-31. 5-39 an~ 5-40 present velocity. 
diapLaoe.eat .nd acceleration data ~asured in tuff. T~ff 1a • 

pc;:-ou ••• oft r<.:<:k c:0I!IIpered to 9ranit.e. ande.ite and aalt. '1'bere .1'. 1naui'~!(':lent dQta to poaitive:.y conclude that other porous 

and/or 80tl. roct •• will behave within the bounds of the tuff cata, 
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~. POXQ\18 ead/o' .vft locka axe be11.-..4 .o~ l11ra ~uff 

tUft MN rvcIt. 'l'b,,\refore. it. ie ~ thAt. t.\lft behAvior 

be ....s .. an appn>ai_tiOD to the beh~.lx ·of ."c::b aoft rocka 
... abel .. , • ....sat.one., .0.1"4 l~_.t.one. and bea.l1y weathe.reco 

tQCu of ,,11 type.. Seiaa1c ,.loc:lti •• of IIOf~ rocka pfterally 

l.i. b~ r~ 6000 t.o 10.000 ft/aec. 

!be peat ~r0un4 .ot.ion. .t. 1nt.e~1ate rang •• 
due ~ ooataiAed tMt....t.a ia 80ft rock _y be e.tia..t.d by the f<..l
luwb, .... 1.t.1~ ~lcb defiDe tbe .pprox'-te bound. of the tuff 

"ta. 
•• 
" .. 

1/3 LJt_,-1 
to ft/.ecl~ !Ik-rr! 

" 4/3, R ,-2 
0.17 ';---,::n:-I !Ibll 

10 jl 

I, IS/~ • ,-312 
d r 1'0 In!~: Itkltl 

5, • 1-3/2 
i "I ~ ~ • ~.21 • ,':-:n-;- 11_-'. > 11) j 

a • 

a .. 

-4 
I W !: It I ,ot) g!IMfII!kft 

! • I' It i 1.24 g,~s- . rEi, 
i 10 j' 

-4 

t a factor of 2 
(5-59) 

t • factor ,f 1 

(5-6t') 

t • factor of 5 

(5-61) 

r:qurea 5-41, 42 .nd 43 pre.ant peak part.icle 
.. loc1ty. di.plaoeaent and acceleration 4a~ .... ~ in .:lu-
.. 1_. nut relatively ... 11 data b.:l •• for a!. .. uvl.- a. ~.ared 
to Mrd r.'Ck aad tuf f h ..... been extended .a.ewbat by inclldinq 

velocity ~d accol.r~tion data .... ured at the ground .urf~c. 

above _" .. nteen unuer9rou.",i exp10.ions wh!.cb war, not heav_.Ly 

iuatr.-.nte4 for ground .hocJt. One-half the qround .urhce peak 

.ccelerat~on and velocity data are plotted ba.ed upon the as.ump

tieD of elL.tic retl~ction phena.ena At the ground -urface lead

i09 to veloclti •• and accelerAtion. tvioe those of the incident 
va .. (Ref. 5-1). It.i.. beli .. v.ct tha~ alluvi_ r?spon •• i. 
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............ utiv. of t.be r1t&pQlUle of a wid. rug. of dry .0118 and. 

~.for •• the bound. of the all\lviua d.ta. given below. 61'. 

~nd«t for •• tiJaates of pe.k ao,1<»1 quantitl..a at intar

-.diat.e ranqes due to contained b.u.-sts in dry 8Oi1:-. 

v • 

v • 

4 • 

Q • 

... [ If 1312 [ It .l-l 

.. 0 ftlMe lMT j lk-(c:_ 

0.12 II/MC:I~ It. r ]2/lr~-2 
llO j ~ 

[
If 15 '6 [ It ]-3/4 

100 in tNTj Iflt 

[

If i o;/fi .. a 1-1/1. 
O.ll • 101S;J lnuaJ 

r ) r !l ]-.. 
• • 110 gl~ ~fklt 

[ 
, ]-4 

a • O.l~ 9 loi5jJ[~ 

! a fact.or of ] (5-62) 

! a factor of 4 (5-(;3) 

! • fat:tor of :i (5-64) 

The pC'.1t a.Jtion bounds r~nded for hard rock. 

80ft rock: and dry soil are co.p6recf in Figs. 5-44, 5-45 and 

S-'.. Particl. velociti •• (Fig. 5-44) .t a given r.nge .re, on 

t~~ ~v.r.ge. highest .01': hard rock, interaediate for soft rock 

and 10 'est for c1ry soil. '1'tie pa;.:ticla velocitj' trend is in 

agr~t Wl~J\ t.he COl; -~?t that the IIOce hysteretic a aatorial 

the 9~ .. ter the close-in ~eAk stress and velocity att~nuation. 

~ s~l&r trend azi.ts in the .cceleration d.t. (Fig. 5-46) .nd 

's .i.o 11' .gr .... nt wltb existing knovledge of ''>It.rial behav-

1.0r. ·Alcr ..... in ri$. ti:De &ad .·tenuatior.s of ~ .... rarticle 

~locity "nd. t:t&r.fore. at.tUlUllti.on of .cceler."4Ct'" are direct.

ly r.lated tc .. t.rial non~l.nearity .~ hYlt4lre"is. 

Peak d;:~lac~t. (Fi~ 5-45) .re no~ readily 

lntf'rpcet.&ble. P •• II: Jlsplaceaents li'l t"ff are. on the avelaqe, 

h19her tha..r l.n hard rock whil<. chaplacements in dry eoil are 

la •• t h,o..,. 1n hl!rd .. ()Cit. 'On a boao<:Jeneou. el.stic med .. UR, pe4k 

dlaplac ... nt i. ~jrect!y pro~rtional t? ~ul •• and inversely 
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propnrUOMl to char&c~1~t:ic 1aptIdaace (5 .. Sq. 5-40). Aa.ua
la, the lIIpul_ cS.Uwre4 at a 91 .... raftge 18 the .... in both 
bard rock and .ott rnc~. cSisplace.ent .111 be 9~eata~ 10 .oft 
xoc:Jt beeau.e -.oft. xoc:k baa • lover characteri.tic ~ance. in 
tIIIT ..... t wlth b&r4 rock and tuff chlta. 'l'he !.pula .... ~nt 
cIoe1'! DOt explaln the allu;riua data. """".r. Slnce peak 4i.
plae ... nt is a late ti .. phenoe.na. ii.pl~c ... nt 1. e.sily at
lec+.a by fr .. surface .ffects (wb~cb ultt..tely occur In all 
contat.",., event.-) ancS reflectlO1ls. Pre, aurface and/or reflec
tion effac\..Ai ... y be playi •• q • stronger role In alluviua .vents 
t.b4..n la .... It. in r-oek. In any ca... it 1. believ.d that the 
~r¥ed dl.plac ... Dt. d1fterences between the .. t.~1.1 ..... real 
.. 14 al:-ould be expected 1n future ..... t. in ai.11 ... 9.01091 ••• 

5 •••• Sear-Sorface ~uc1e.r aur.~! 

The .-p1rical relatlona of para9raph 5.4.1 for 
CClftta ine4 Duclear ...... U 10 hard roc", .oft rock aD4 dry .011 
"r be co.bL~ed with the equivalent yield concept to provide ea
ttaa~ea of 41r~t 1aduced ~ticns due to oear-aurface burat •• 

The ~tact bur.t equ1v~1 .. t yietd factor. 9iven 
ill 'r-.b1e 5-1 for bard rock .. y be applied to aq •• 5-56. 5-57 &Ad 
5-51 ~irectly to yield the f011o.i09 •• tt.At •• of peak 9round 
8Otion. OD ~. axi. dlrectly beneath near-.uetac. burat. on hard 
rock & 

" 2/l[ • ]-2 v - lS tt/aech.,] mt 

w ]l/l[ R ]-2 v • 0.27 a/sec[~ ~ 
10 j 

5/6 R ]-llZ 
d - •• 5 in [riir] [rrrt 

t • factor of 2.5 (5-65) 

4 • 5 • x 10-3_[ W ]~/'( R _372
a 

factor of 2 ~ lkii] 
(5-66) 

2IS 

a • 

• • 

r w '1[ it r4 
140 9LlMTJ iklt' .. 

0.29 'Co~5j] h:') 
t. '.etor of 2.5 (5-fi1) 

-4 

It ill a •• uaed that the contact Durst .,qulv.slent 
yi.ld factor. 91ven in Table 5-9 for tuff are reasonable Lpproxi
~~tions to COnt.act burst equival~nt yield factors fcr 50ft rock 
at.-cS dry -.oil .... ':t. ApplYi.J"lo Lhe tuft facturs to Eq5. 5-59, 
5-60 and S-6~ r.sul~. in the followirg estiaat.s of peaA q~ound 
.atiQna on the axis directly ben •• t~ near-surface bursts on soft 
rock. 

v -

v· 

d • 

w 213[ R r 2 
10 tt/s.c[;Jff) IffiJ 

W 2/3 R ]-2 O. 11 .., aec [:-:rr:-] [ITS 
·10 j 

5/6 R ]-3/2 
1 in[~] [Iklt 

~ • factor ot 2 

+ -
d _ 1. 1 x 10-3 • r w ] S/6[ ]-3/2 • ..:actor of 3 

lIiff ffi 
~-4 

• - 2S g[~l!l~j 
1-4 

• • 0.05 g[10VS;] [ffij 

... tacto-:" of 5 

1,-68) 

(5-69J 

(5-701 

Application of the tuff factor. to ~q •. 5-62. 5-63 
and 5-64 lead. to the foll;:,vi'19 peak lIIOtion ~atl.lnates on the 
axis directly bent!~th near-ault.c. bursta on dry soil: 

v -

v • 

w 2/3 R ]-2 2.S ft/sec[~] [Ik-rt· 
+ • factor of 3 

W 2/l[ R 1-2-0.027 mls.cr~] tkiU 
llO j 
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5/6 rJIl 
d - .S in[~l [rk~ 

+ a f~tor of 4 (5-72) 
5/E .. p rI/2 

d • 6.5 x 10-
4 

'''[lois
j

] lda 
,,-4 

a • 5 9 [ffi. ][rfuJ 
+ a factor of 5 (5-73) 

-4 
[ W ][~_] a • 0.01 9 1015 j 1ka 

"et 11011 bebavior .. y be a •• u.e4 to be inter.ecliat. between dl"Y 
seil an.:! 80ft rock. !'ne effect of layeriDCJ. incoapl.tely u.-..ier

stood at prc .. .:..,t. i. iatrMuced i"l R.f. 5-4'. 

Tb~ peak s~re •• a.sociated with direr.t-induced 
ground &hock can be ~stiaated b:! 

wher. 

a - p CL v 

o • peak .~res. 
p a .... denaity 

CL .. 10ad1nq wave '~e1~ity 

V - peak particl. velocity 

(5-74) 

The loading '-ave velocity, C
L

, .. y be estiaated froa laboratory 

and ir.81t~ .~re •• -atrain data or tak.n approxt.At.ly a. one
bale th. seismic v.locity in soil and soft rock and thre.-quar
ter. tho! ae1FCic velocity in hard rock. r .. ,d .train. r.sult 

directly tra. reak .tresse., i •••• 

c -
o v ;;-? .. C

L L 

(5-75) 

where (: ~8 ~ak strain. 

Typical direct-inluced ac~ion wav.forma from' 

c~ntaineJ bur.t. are sh~ in Fig. 5-47. The t)~ical w4v.fo~ 

.. y be used to esti~te waveforas a.sociated with predicted 

peak radi31 motion. The rise ti .. to peak velocity (or .tre •• l 

can be taken as (Ref. 5-47) 
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.mere 

tr 

a 

.'" l. 
tr • IT c-; to i' c 1 

ria .... .oj..-

r&nge 

Ci - .. ia.ic vel::ity 

(5-76) 

the outward ph ... duration c:-{ the velocity puls. _y be tuen 

.a ooe-balf to one tiJlua the tra,nait ti.ae to the point of inter

eat (l~f. 5-47) 

tel 
IRtolt 
l" c; C1 

(5-77) 

where tel - velocity outward pha .. duration. The COIP'pres.i\~. 

pha .. duraUon of the stre.s PU1M "1' alao be eatiaatecl 

rougbly by Sq. 5-77. 

The elir,ct-induced e.t~tes provided to this 

poi~t are a~1icable only on the axia dir~ctJy ben .. th the 

burst. Motiona at off-axis 1oca\'-iona will bt. A':fected by the 

free aurface. A. noted in paragraph 5.4.1, fr .. surface ef

fw(~a ~ significant in the reg~oD between coni~al aur

ta,: •• with ape" ..antlle. of 30 ."'\DeI 65 ele-iree. and dosinant in 

the r89ion between 65 deqr ... and the surface. It is recoa

... Dde4 that fr .. surface eff~s not be con.idered. The 

rec~ation .. ~ be ao.ewhat con •• rvative. but fr ... urface 

effect refinementa are beli.ved inconsistent witb the inherent 

ac«tter in available contained bur~t datA. 

5.S CRATEJl-nrouCED GROUND SHOCK 

5, S. j ~ 

A recent study (Ref. 5-48) of ground motion 

data frca high exploaive and nuclear cratering bursts haa 
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identified c~rrelations between late-ti .. crater formation and 

late-time near-surface ground motion parametara. The charac

ter of crater-induced ground motion is illuatrated in Flga. 

5-48 and 5-49 which show vertical and horizontal IJIOtio: •• at 

the crater'. edge on KOA. The initial motion results froL 

the airblast. Beth acceleration and velocity are sharply 

downward and outward. At approximately 0.3 second, a rela

tively low frequency. long-duration velocity pulae occur a which 

reverses the downward airblast-inducec! displacement and 1n

crease~ the o'ltw.rd horizont<ll diaplacement. BeCIIUS'~., of the 

long duration of the pulse. the final ~eault is large upward 

and o~~ward motions much ;reater than would have -e~~lted fra. 

the airblaat alone. The arrival time of the low L·,,'<.p.le'1cy 1aO

tion is consiatent with the P-wave trnnait tiae thrCl,'1h the 

ground fr~ ~ne burat point to the gage location. Slmilar mo

tiona related to the crater lip fonatlon hAve been observed 

on high explosive detonations. 

Although the ~OA ground motiona are for a loca

tion very near the crater. the correlations of Ref. 5-48 indi

cate that crater-induced neilLr-5ucf"ce ground motions ala}'· alao 

be s~gnificant at larqe diatancaa from the crater. The follow

ing paragraph. summarize Ref. 5-48 resulta. 

5.5.2 Sca:ing ~~ 

The basic asa ..mptlOIl for crater-induced gro' nd 

BOtion correlation is that some characteristic length associated 

with the crater lIS a common scaling factor in all crat.ering 

b~~ata. Reference 5-48 found that the cube rc)t of ~Fparent 

"ater vol'..IIIe provides corrulati<.Jll. with a wide range of .llgh ex

ploaive and n~clvar sources in several geologic media. Although 

true crater vol~ would appear to be a mere dPpropr It, panl-

.... t.r and may prc..vide better correlalion, apparent "o.iume 15 th.., 
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0IIl.J' -.01 ... '*1c1l .... beea ~~EM acc\I.Catel, 1. p .. t teau. 
II OM &COapte tbe Jl'eat..e t:bAt: ct'at.s' 901... j. a ~coaa ... -,I,J,.. ~f t.be IJIDU'V'that: i. offec:i;,J.~l, ooup1Atd into the ground 
t:Ma "ate.: '1'01_ ItO&1iIMJ .. , 1.nM~tlJ' ~t4l to~ dif
r ..... .,.. La CJIaOlOfi' an4 eoarv ao\lXC4 1AclQ4..A9 aGQCClIe lyp.t. 
'{teU u.s baigllt of bunt. 

$,S.l IIQdllOlltal Diapla~t 

Pl9Q." 5-50 preeenu available crater ~l_ ac.led 
data fCK ~ l¥Kiaolltal ckaplaceaent venUII ~ange. J.bove-aurtace 
bu'at: aDd ba1.,....aurtao.:t bu%at data 40 not couclda, aAd "f. 5-4~ 
.....,~ta u.... :~!Urwi.ia9 aquaUona •• ".pre_entaU .. of the two 
bur.t cl&.s..a. 

0.45 V 4/1 
"h • a .3 

(&boge-aurface data) (5-7., 

0.1 V 4/1 
4.. • a (half-buried and belov- (5-79) &l al .. &art.ce data) 

.e:..re 

4". - paak hod8Olltal c:lbplaceoMDt 

Va - ~t orater yol~ 

• - rWlge 

"te~~ S-4I nn>ot.he.1a~a ~t the large c:l1f
tecence IMt'WoeD above-.;urface .'.1 half-b;,aried aDd belov-aQCface 
bu:tat date. i. that the vo~k cione ill ejecU,ng .. terial 1 • .web 
!.utl! eUect:l .. in r.oducin;: displace.enta beyond the cr.ter 
c:49't than th. work done COIIPreaalD9 ... teriel. ThUll, the 
ao.led di.p~aceeenta fo~ buried burata are ... ll~ than tbo~e 
t..:lC abOYt-sw-t..oe t .rau beeauae a buri~d burat .jeeta a auch 
1arqer per~t. • .g. of the appar.nt ccatA~ volUJle t.~an all 8A)Ove
aurt.oe barst. 'l'be .. i_ a tactor of alltost 5 ditference in 
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acaled di.pl~~u.u.t. for b~ried ~ above-surface I~:.t •. 

Figure ~-;l "bcnni • ("'C'r;c"lation bet~en pe!"lunent 
horhocatel dieplaceJMnt and ranqe Cle£!~'9d f~ eJtP4friJMtnts with 
curfaee tanqent HE .pheres. The Bur face tMlgeh~ -ont i<juration 
is thol1Qht to better aiaulate the craterinq Mld qrO'.lnd "::;I..~::'I"'. 
of near-aurfa&.;ot nuclear burata. The be.t fit aqua,lon for 
per.an~.t horizontal displacements is 

d -bp 

O.Z y4/J 

-::r 
R 

(S-80) 

where 

dbp - pera&nent ho~~aontal displaCeMent 

Althouyh perman~nt displace .. n~s are exyected to be .aterial da
pel~ent. t~. de~a acatter reve"ls no obviou8 trend. It .r~.rs 
that on the ~verage only about SO p6~c.nt of the peak displace
aent ia ~rr.ov.red for ne4r-.urf~ce bursts. 

Displacement dAta scetter by a factor of about 
~ 6 at • qiven range. There are several po.sible reasons 
for the scatter. Moat daLe are derived fro •• ingly and douDlv 
1ntegra~ed recorda which generally inClude subjective b4seline 
rhift correcticns. Slight baseline shifts can dramatica!ly af
fect integra~io~ re.ults. \lso, all data are con.~d~red r.9c~~-
1 ••• of depth below thp qround surface. Reference ~-.8 suggeats 
that data acat.ter .. y be reduced 6i9nifi~antly it only near
surface d.sta (depth. 1 .... than 0.1 V!/3) are considered. "'~.a 
fact that .pparellt crat.r volu.ae rath_r than trufOI .: .. cater vo:.wae 
ia U_G~ It.ii.j alao <'c(ltribat. to the IIc"·~ .. r i.n the data. 

The .. jor vari~~le i~ .. rater-indu~ed ground mo
t10n corr.lstions is the apparent crater volume WhlCi. ~4y be 
e.ti~td3 According to the procedures of Se~tion IV. In the 
ab¥ence of detail~d .~te information, Fi~. 5-52 may ~ ua~ to 
roug~l!· •• ti .. te peak horizontal d!splar.ementa in hornoqcneoua 
~~V ~~)ls. vet 80ils and ~ry, hard rock due to near-surface 
n~clear bursts. 
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5.S.4 other Borizont~l Gl~ Mhtion Par ... ter. 

FiCJ\U-' 5-53 preHnt .• peak erat.r in.luce4 borl

a~~t~l oarticle velo~1ty data •• a fUDctiOft of crater vatu.. 

"c~led r.\nCJe (bf. ~-SO). Ti.e data .ay be repre .. nted witbi .. 

• factor \")f a')OUt ! " by 

Y I )-' b R-
C • 0.01 ::m 

e Va 

vhitre 

Vb • P'o4lk hori~·'::al rarticle ·'.locity 

C • effect.L,. w.,,·. v<!'l~ity - tR 
e i 

R - ranqe 

ti .. arrival tt:. of hrat .19J'&lfrOia the buret polllt 

Va • ap~~rent cr.ater volu.e 

(5-811 

~bQ effective wave velocity, Ce , i. epproxi .. tely equal to the 

aeiamic velo::ity at \IIllayered .ite~. At layered "ite., Ce ac

ccomu. for the variation in .. isa!c velocity with depth. A 

aethod for cal~lat1n9 Ce is pre.ent~ in pGra~apb 5.6. 

p~~ 5-54 present. a correlation bet .... n the 

rlee ~~ to pe.k horizontal di.p1a~rt and crater valu.. 

• c.ded ranCJe (Ref. 5-50). The ri .. tt.e ... y be approxiaated 

vithi~ a ~acto~ of about ± 5 by 

50 a (
Vl/l) 

tp .. C
e 
,- (5-82) 

where ~ i. the ri •• t~ to peak horirontal di.pla~nt. 

General \f.vefo .... for crater-induced CJrOQnc' 

shock .lave not y.t been developed. Bovvver. the pea~ velocity 

and pe.,k diaplace.ent ri!'f! tJ. .... correlatione of Sq.. 5-81 and 

5-R2 provide approxi •• te inforration frOM which plausible vave

foru aar be synthe.ized. An Hh'"t.rative ex_ple is provide<'! 

in paraqrrph 5.7. 
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V.rtical ccater-iod\.i.ced ground JIOtion .li.llaly ••• 

CRef. 5-49 and 5-50) indicat. vertical di.plac~nt., yeak 

v.lociei •• and ri~1 ti~ to paAA di.plac ... nt are app~ox1 .. t.ly 

equal t.o the corr •• po.~tng horizontal 'iuantitia. at the .... 

rall9 •• 

5.' COMPOSlft GROUND SBOCI( 

Whil~ it i. convenient to cat~4l&e ground .hock accord-

1.A9 to lIO\U'ce for purpo ••• of d1acu •• ion .. nc1 compuf:.ation, prac-· 

t.i~al probl ... require an e.tt-Ate of the complet. ~round shock 

environ.ent at a point. of int.~r •• t. The ca.r1ete tinvlronaent 

vill re.ul, troe diatur~~ce. arrivir~ froa all aourcea. except 

iA t.he ca .. of a true air bul·.t or fully-conta'.ned burat. AI

thouqb not theoretically corr.~t.. a ro.aonabt .. appr(J;,;.~;;;;atio'l tl< 

th~ ~let.e ground ahock anvironaoJnt •• y be, -:.1n.o by auper

iIIpo.i!'g credible airblaat-ind\.ced. crater-irduced & Mi outrWl

ning v~v.foraa sccording to th.ir re14tiv. t~ pn.ain9 . 

The airbla.t arrival tt..e at a given range .. y be e.tilllWlted 

f~ Pig_ 3-5. T~A arrival t~,M of di.ourtance. prvF&qated 

tJu'.:>ugh the l!:~.md aay be e.tia::. .. ed b) atandard 9eopn' sica! 

method. ( •••• fcr .xampl., Ref. 5 '). Fiqure 5-55(al ~llu.

trat •• the path. by vh' ch di(;t'lrbance. may travel ir ~ two

lay.r .yates. The d:'acua.ion h reatricted to C'.lIItpreaaion 

... v.a .ince th.y travel with the f •• t •• t '\i!!locity ana "'11 bt' 

th_ firat to arrive along any given path. The incide~t jila

tational •• vefront created by an excitativn ~t point Swill 

be hCll'i .. !,h~!,!c::l. "he .av.- paths I:;£e .:.pr'!,,"ntC<l by I'i'Y. 

v'itch are perpendicular to t~CI vavefront and parallel to 

the directlon of wave propagation . 

On. path from the point of excitation t'l a point a d.i8-

t"oce X a.ay i. a direct path tr.rough t.he top layer. The &1:"

rlv~l tt.. for the direct path 1 •• ~ply 

x 
t. • S (S-b )) 
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¥bel'. 

ta - a.riv.l t~ 

x diatance frc. excibotion t.e point of intereat 

C l CQIIPreaa10n waYe velocity 1n layer 

?he exiatence of a layer interfac~ c~eatea two additional 

tHltM. The interaction of the incident w.ve with the 1a)er 

int.erface cau.e:. reflected "ave. which travel back tow4U'd t.."" 
aurfaca and r .. truted ·"avea wl.icb cont.inue int.o th ... 1 .. er 
-.diua. The arrival time of the reflected wave at a .urface 
point ia 

~
~ 

t _ 'x + 48'" 
a --

-I 
(!>-84) 

where R ia th1 layer deptll. rn gen~raL the refract.ed "ave 

d~r not return to the surface unless a deeper interface is 
_ncountered. However, there ia a critical Angle of incidence. 

i c ' for which the r4frsetad "ave travels ~arallel to the inter

face 1n ~he lower -.di~. The cr.tically refracted "ave causes 
a diaturbanc1! alon~ the idterface which. in turn. generatea a 

"ave which t~aveIw upwar~ into the layer. Thia new "ave ia 

called a he~ uave and ~ta 4U'rival time at th~ aurftce ia given 
by 

where 

x 2ft cos ic 
ta - C~' + C

1 

x n--1 
.. C" + 2H~:2 - :-1 

2 'CI C2 

(5- 85) 

CI - c~r!saion ~a'e velocity in the top layer 

C2 - compres.ion va"'e velocity in und.'rlying half space 
C, 

i c critleal angle - arcsin ~ 
2 

lCl 

s 

• -l 
-: 

, .. ' Ttaw'l • ,tlls 

-----____ t"'C'"" 1 ' 

-- '< 

~t,' A!rlV..si. ;Lrr:I'-~':'''''~4'':1 
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The arrIv.l tt.es of the direct. reflect..cl and held wave. 

are sbowr ••• fuactitm of distance in Fig. 5- r S(b). roc dia

t.uc ... Ie .. t.h.u lIC' (~all4td UM. cro.~" .. ~ dlat.ance. the first 

arri".l "HI be d~ ~) t.he di~.ct ",,"e. At distances greater 

th.n.c th.- hiNd ,,"Vt. viiI a~rive first. The reflected wave 

w1.11 l~ boUt the ain'ct &'1d head _" ••• t .11 di.tance. and. 

t.ber"f~e. 1.. net. of i~rtaace 1n oon.iduing fir.t uriv.l •• 

In aultilayered .y.t .... the tt.e 0': ~rriv.l of the bead 

wave fro. the nth int.erface ( ... Fig. 5-56' i. given by 

t (n) - (-~ 2Nii ~ - ~) + C
n
:

l a t:1 Ci C~+l 
where 

tIn) • arriv.l t.~ of head ".ve froa nth Interface , 
Hi & thlckn~ •• of the lth layer 

C1 • cONpre •• iun wave velocity in ith layer 

en+ l • cu.?r ••• lon wavp velocit.y In (n+l)th layer 

(5-86) 

The us. of Eq. 5-1' for two-layer And three-'ayer ayst ... is 

111~.trated 1n Pig. 5-57. The .um.a~ion in the parentneses of 

Eq. 5-e6 18 ~~e tiae axis intercept of t~e arrival t~ .. -distance 

11ne for Lhe nth interface head wave. The .~tion tara is 

designated by Tn (Le., T i • T
2

, et.c.) in Fi9. 5-57. 

Fer th tWO-l"'Y.l' $Vst_ of Flq. 5-57 (a). it ca" he seen 

t.hat the duect v.';. qo\"erns the first 4~r-ival at distance. 

less t-.han It (l}. Betveen It (1) and x ( 2 ). tM heAd wave h ota the 
c c c (2) 

f lrat. :.nter! a::e i. the f 1 rst to arrive. Beyond Xc • t:Ul head 

1oIa-'. fr-oz t;1e second intel'face qoverna. 

~he general gethod for deteraini~q arrlval tUDe-distance 

C\.rvetl fOl ground diatuf'bances _y ~ used with the arrival 

t lnw> .... ch.tance curve for tne ,nrblast tu estimate the tua. 

phaslno of eftec~s at a ~,Hnt of interest and ~he ground rang. 

l05 
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at vhi~h outrunning fir.t occur. (Ref. 5-1) (needed foe th. 

outrunnin<: prediction .. thad of paraqraph 5.3.6). In "dl

tion. the arriva\-tilte-<liata.lce curve. lllay be uaad to €stl

aate the effective a('i"l,~ velocity, C
e

, uaed to est~;.lte 

crater-t.r.duced pal~''': " velucitlea and riae tl.!llea to y.,;':li< 

crater-induced horizontal diapl4CeJDent. Thf' effee t lVt; 1IelSftllC 

velocity ia .im~ly the inver.e .lope of the secant lln~ drA~n 

fro. the origin to the range of intere.t. 

The ti .. of arriV41 of \.he /lirbla.t wa". can be r~~d dl

rectI y trOd the sirblaat tillle of arr lval curve. ,\lao, the 

a"dve! tiJae of eftecta frolll the &Our.;;e 1eqion can t..e (",ad 

directly fro. tte ground dlaturban~e curve intersectins the 

bur.t point. Tt,e czround range at ",tach e.ll:lieat grour.d IU.,j

nala and the airblaat vave ar~lve at ftxactly the S4~ t"me 1 • 

the ground ran98 at "'hieh outr\ll\ninq first. occunl. The .«r\l

'Uit outrunning arl.lVa .. 1Io cun be found bi trlal Anc. error' $hlft,

in9 of t~e ground dIsturbance arrival time curve to val . ~s 

origlr.. on the airbla.t arrival curv~~ i.e .• tImes and . ~nge~ 

at which energy is ill:parted to the ground by th'" eXp-4nd: n-? 

alrbla.t. The time at which earlieat ground slqnals"n ive 

at the point of interest prior ~o the a~rblast is the tlffie 

of outrunninq arrival. 

Given the gro\Jnd nlnc;; at which outrunnlng flrst cc;urs, 

outrunn':'ng IIOtlona can be predIcted accon!lnq to pa .. agra)h 

5.3.6. With the arrival tlllleS of the vac.lOUS signals, p,e

dlcted qround st'X:k from all sourc~s can be l.!'lper llUposeJ to 

obtain an eat i_te of the cOiUplete ':J)'ound snock ~ "'/1 r()'1m,en~ • 

The procedure is illustrated by an eXdr.>ple in pdraql'AF.h ').7. 
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ILLUS1 U.'!'Iva UMPLES 

5.7.1 ~~.~n of Nat.~tal Propetties 

a. CIVEN. ~ 1 RT (4.1" • 1015 j ) aurface burst 

at a aU .. eorroHd of 100 f .. t {30.5 ., of wet c14Y overly

in9 .balta, which extend. to lar". depth. Ybe .aur table 18 

at tho, 9rou"" aueface beea,," of apri"9 ruaoff. Sei_i.,:: 

velocit.i. .•• twave heen .... ueed to be 5100 ft/aec (1550 .,1.ec) 

ift the clay below the .ater tab~. an4 .O~O ft/.ec (2"0 .; 

aec: . in t.be aha Ie. 

b. rIND, !I(.~ ... rl.1 property elltiaates for u .. 

4~ prelUainalY ~~ou~i ~k c"~ulation •• 

c. SOLUTIO.: Properties neces.ary tor calcula-

tion. are inaitl.' d..a.ity ... i_Ie velocity. loading _ve 

velccity and 3lrain recovery ratio. Assua. the only data 

avaUable are th.ia.ic velocitiea. ether propertie •• th.re

fore, .... t !~ estia_ted trOll peat e.cperience .ith s1J:lIlar 

,nterial.. Table 5-2 nivea typica~. 1n.1tl.l u.nit wei9hta ot 
III lb/tt1 (1.7 •• 101 k9/. l • for aat~ated claya and 145 
lb/ft) (2.32 x 10) kg ~) for .haie.. Si~:. the .eisaie 

velocity 1n the clay below the water table 1. gr.ater t~.~ 

5000 ft/aec (120 aI.ec). t. ... clay can be ••• ~ nearly 

~fJq)l.tely aaturated with. aodul'.Ja of 150,000 pai (103,404 

N/~2) (parsqraph S.2.3). The corr.sponding load1n9 .ave 

veloclty tor the clay ia o1I~proxi .. tely 2~Ot ft/aec (760 

ajsec). ~be loading v.v~ velocity in the ahale, a .aft 

rock, .. y be uken .s 1/2 the iHi_ic velocity (par&l9rAph 

5.2.6,. SUAi.- recovery ratio. in both the clAY aM the 

.hal_ gay be ~.k8n .s 3/4 (para9rAph 5.2.6.). Estiaated 

material properties are .~:lZe1 in ~ab~e 5-1~. 

5.7.2 'liIN Ph.&: ing of Cround Shc..:::k Effect. 

.0 GIV~; The burst, geologic conditions and 

.. terial propert H ~ of E.xallPle 5.7 < 1. 
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b. rIND; !'be arrival U .... of UM atra,la.t, 

outrunnin~ 9round ahock. and crater-iracluc:ed 9rou.nd ahock 

at the 100 pal (69 N/ea2 , overpr ••• ~e level aDd tho rante 

at which fi~.t outrunninq occur •• 

c. SOlUTI01h '!'he arrival ti-. .,f effect. 

f~ f.h. varloua ground ~k eource. are a.t.erained 

tra. the 1 Mf airbla.t ti-. ~f arrival curYe (Ftc). 3-5) 

and tM travel U ... -cli.taaca curve for the ODe -layer 

iao'..Q9ic ay~t_ of intereat 'PiCJ. 5-57). PiCjW.r ~-5' 

pr.a4lnt. th. arrival tu..-diatance curve for the air

bla.t ff"'Ja a 1 M'f aUl'face tK&r~t u..d arrival tt.e-dia

taoce a..rYea for 9rowld di.turbance. oriCJlnatin9 at 

various r&ftge~. The ti .. of arrival oi the airblaat 

wave can be read directly frOia the ailbl::.t ti ... of ar

rival curve .. 0.54 .ec. SURilarly. the arTival t~ of 

direct-induc.ad eUec:.:t. ~ m be read directly froa "1.. 
ground disturbance curve inter .. ctinCJ the blrs~ point 

(x - 0) a. 0.44 -.c. 

The qround r&hCJe at which outrunninC) first 

occ:.:ura and the arrival tt.e of outrunning at the 100 pai 

level are foUAd by abiftinCJ the qrovnd di.t.u-bance-arri

val ti .. CUIve to varioue oriqina on the alrbAa.t arrival 

curve, i.e., timea an" renCJe. at which eneC9Y ia UR~rted 

to the CJround by the expa:4inq a"rbla.t. .y trial and 

error, the ~riCJin which deliver. the earlieat 9round .iq

nala at ti-.a prior tc airblaat arrival i. 4e~~r.ined. 

The intersection ~f the earlie.t qround di.turbance curve 

with the a",rblaat ~ ~ of arrivAl curve 4etent.ine. the 

ranqe at whicb outrunning f irat occ:.:ura. The t.i .. of ar

rival of outrunni~g at 9rea~~r ranCJea i. detez.ine4 by 

th ..... qround di.t\II~ance tilM of urs"oal cc.rve. 

Three tx _ .. 1. Are illuc.;trated if, Fi.CJ. 5-58 

(origin. 1, 2 and 3). It can be seen that fir.t outrun

ninq occur. at 21~O feet (655.) (approxuaately 400 psi 
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jill",. ,..., ... ",,, .. 

.,.-

'-

-

:-;;,,+"~'<,<h..':'~'V 

(276 ';0.2 ) .... 1) aDd orig1aate. a~ owarpra.aur.e gr .. ter 

thaD 1000 ~t (619 ';ca1 ) (origin 2). OUt.ruDlliOV aignd. 

firat arrhe .. t the 100 pa1 1.vel at O.ll eftC. 

5.7.3 Alrbla~t-In4uce4 Ground Shock 

a. GIVmh '!"he burst. geolQ9iC: condition. and 

Material properties of Exa.ple 5.7.1. 

b. PIW; The con~r1buUon of the airbla.t 

pa •• ing over the point of intere.t to the 91~ shock 

at a depth of 25 f~t (7.6 .) at the 100 pai (69 H/c:a2 ) 

.,verp ...... ure level. 

c. SOUlTIOlta .~t:. contribution of ':he airbla.t d. it .,. .... over the point of intereat ia eati. 'ated as aua
l.ng C'')At-cS!.-.n.ior ..... l coQditiona. A. deacribed in ')aragraph 

!i.l.l. the effect of layering upor. early tUMt vert. -:.1 

• ;ue •• aDd IM)tion histories .. y be estiaated by .uperia

Fo.Lng tlae 1acideut .tre ••• ava created by t,M Airbilist 

with .ubaequent reflected .aves .:reated at UU:: layer ; nter

face and gr:JlmlS surface. 

Figure 5-59 present. a ~ve front diagraa 

f.n- the probl_ of intere.t. The incident 'fava front is 

adsu.ed to uavel at the "i8ai-.;: veocity (C i ) of the aa

tttrial thrOU9"b which the vave is traveling. 5100 ft/aec in 

U .. ~tay aDd .000 ft/sec tn the shale. The incident wave 

peak i. a.:~~ to travel vith the loadinq "ave vel()(;ity 

{eLl of the .. ~.ri.J through which the "ave ia txaveling, 

2500 ft/aec in the ~l.y and 4000 ft/sec in tba shale. Re

fl . .ctlOl'18 in the lay.r are ass~ to travel fit a velocity 

ClO'Nr1Wd by the u!\lo.d.~ ng.adulus of the layer .. tarial. 

ao:.vlng ':'1- 5-2 for Cu' .ssuaing constant !lensity. results 

ill 

C ... Jr"C • " 'i L 

rr 'o:l5 (2500 ft/ •• c) 

• 2890 tt/sec • .. y 2900 ft/ •• c (es. n/lec) 
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Figure 5-'59 Wave Fr-ont Dlaql~azn for- Exam, ie 5.7.3 

314 



ill the c: lay. 

'I'he cMrtlCteriatic& of ~~ iIlcideat: w.ve 
are .. ti .. t--.s by the .. t.bocl of pera9rapb 5.3.2 ill whicb 

the incident wave ia deterained by interpolat:i~ft be~ 

ela.t:i~ (r - 1) and bilinear-no racnvery (r - 0) eol~

tion.. The airbla.t overpreaeu~~ and ~l~ c~rac

tert.tic. a.cea .. ry tor calc~latiOft. det~ne~ froa 
$ec~iOft 11_. are ahowD 1n ~i9. 5-60. 

The inc.~ent: .tre •• and ve1veity-tt .. hi.

tori •• for tha bilinear-~~~very ca .. ara deterained 
freD aq •• 5-~. and 5-26. The equation. -r be rearr 4Ul9a4 

and ~rttt:.n In ~ll~ad fora a. ~ below fa« convan

i~~~ i~ co.putation •• 

where 

., a a 1 rt I. i 'T' - ] -
..- • -- - ---~ - j,1 (l) + ph) 
r so CL to t P so to t 

pCL• a I. iiJi 
p.o - p .. .,to '!" 

t. • total i.!' .. in the overpra.aur.a-t:: .. 
hi.tory 

(5-'7) 

(5-88) 

itt) • ftOraaliaad l~lrJ-t~~ hlatory (FiV. 5-5t(b») 

pet) - noraaliaad o .. r'r ••• ~r$-tiae hi.tory 

T 

(FIV. 5-60 (a) ) 

- tt ,. DOraaliaed t i,,,, 
o 

and other teraa are defined in paragraph 5.1.2. The .o.t 
convenient: calcult.tioD aaquanc:a •• to firat calc~~, ata 
the noraallae4 velocity-t~ nir.tory accocdlng to ~. 5-88 
and then ~a. che r •• ~lt in calculating the .tre •• t· ... 
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hi_ory Dai.., 8q. 5-87 1D tlla fora 

0. a lr~Lva .. 1 -
~ -~ "tl-'-;;- - P(T)J + ph) ($-") 

Tn. procet.lolr.t 1~1 .. to the Q('~lhe4 

.. tocity-U .. hh~ory 1a ahcNn in Fit. 5-61. F19\U'. 

~-U(.) plnt. l,t'/t "e.uua T and b l".-411y arrhad at 

fro. Fl~. S-6G(b). Fivure ~-61(~) i •• taply the product 

of F19. 5-61(a) and the tera 

1. _ ~1I.4) ~ 
'80 t O (1 0) (O.t) • 0.£04 

Valaee ~! liT'/T ~ lAaCCUCate fur T le •• tb&n about 
O. b. aowv.r, the lALcC\ll'acy dee DO effect gpoa tlle 

, .. loc1ty .lAce !~t t ... 0 

pC" 
~.l 

110 

~ the Yl 1.oo1ty-tu. b1atory between t .. 0 and T • 0.05 

can be r ..... ~ly deteralJMM.t by intcrpolaUvn. 

The noraaliaad veloeity-tiae hi.torie. at 

the 25 an4 lOo-~oot. depth. are indicated in Fig. 5-61 (b) • 

At the 25-foot dept~# the iDcident wave arrive. at a nor

~li.~ t1ae 

a ~25\ CLio - (25 0) .S) - 0.111 

Siailarly. the ~ nc iGent ",a". arrive. at the 10\)-foot depth 

at a nonul1a.s tt.. 0.4U. 'J.'ho incident "ave at both 

tn. 25 an4 loO-tO?t de~th_ h~. an identical decay in tiae a. <toto. the il'lcidant wave at all de~th. in the layer. 

'l'hi. fe .. ture i. (haracteri.Uc of th. bUir •• ar·~no recov

er) ~t.rial ~Jl. 

.Jl7 

~ It \ 
-'-:.£. 

t 

DC ., 
~ 
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;a 

1.0 

0.8 
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eo 0.4 
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Cal U'f)/t ValNs IIo.aIall ... TiM 

c~ ·0 ..... 
Lo 

o 0 
1 ___ 1 1 

0.5 0.6 0.7 06 0.9 1.0 

(b) NoraaliHd VelocltJ'-T.t.e Ait.tory 

F~9Ul"e 5-61 Calculation of No~lh8Q. V ... locity-T~ f:illtol'y 1D 
WiUn.;ar-No Iteo"'Ivery Ma.tQrial for J!x~l •• 5. -;.1 
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'.rtical atre .. ~ hiROd .. at t:ba as 
edit lOO-foot do,:itha 10 blliAe~r-no recovery .. t.dab 

~ ea~1IIlat:ecl "a!at Bel. !-It. Int..n.a4i.t:e ateN au 

at.o.nl 1a r~g. 5-62 wh.ar. rCt) 1. clefiaeO .. 

PCt) • ~ - pet) 
ao 

(5-90) 

~ ~1flc.t:loa teraa 10 Pig. 5-62(b) and Cc) are the 
firat: t:~ 1. Sq. 5·19 fo~ the 2S-foot: and lOo-foot 
depUa. "l .... of the .oclificaUoD t ... end pet) 
CP)..'i. 5-60 (.» yield ver.ic.l ilK" 1.4ent .tre.a u. .. h1a-
Loa i .. iD • b11ifti'ar-ao r~very .. t:ar1&1. .... r.a:·.lta 

for t.'li • ...-.ple ... "il~ 1.1l ri9. 5-11 vbere brltb b1-

11~nr-DO ~ry and •••• ~1c tt.. hiator1e. are plotted. 

The _l .. tic ~lte are rr~ilJ c.lcul.te4 ".1ag Sq. 5-14. 

'It •• tr ••• tt. hiatory for the .. terial 
of interut (r • V.) ia e~ i-..ted by liDear interpola

t.: on bot.~1 U- J:' '"' 0 ....., r • 1 aohation.. At the 25-
foot cl~tb tba affeet of the 41ffer~ ~. ____ r ~ ! ~nd 

l' a 1/4 ia --.11 ~ the r • 1 ~Ql"tion ia take_ •• the 

e:;tu.t..3cl va-tleal .tr ... -u. .. M.atory .t 25 f .. t. ne 
interpolation for the lOO-foot depth ia ahOwn 1n P19. 
5-6)(b). 

The l-oc14ut .... , •• t1Mte4 .. 4&8C1'1lw.4 
above. .... the f irat fe>ur reflected ve\<e. 4,,& to inter

act:ioa of t.he 1nciclent vave with the layer illt:el'f.ce .trw! 

aubMquellt reflection. between the interface e.nd the 
ground surface .re ebowft in ri9. S-U. The au e •• hia

torie. are in tara. of actual .tre •• aDd tiaa. The t." 
~( .r:ival of the waves .t the 2S-foot depth ~re takeu 

fro. rig. 5-5t. A ri.e tt.. h •• been 9iven ~ the incl
_rat .. , .. v.ainq t.be proaedure of P i9. ~-2a. 'I'be c ise 

t~ at tM IOo-foot depth i. carried .,itl\ol't: cha"'CJ& in 
aubaequ&ftt: reflection •• 

l!.t 
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Vertical Stress Time HAstor1ea 1n Biline~r-No R~
co very Material for Example 5.7.3 
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'I'M 1Aci4eat .. ". (Fi,. 5-6. (a) 1a the 

r • 1 1I01"ti('}D of Fig. 5-'!(a) COIrnlrt" to act.aal atreea 

aM tu... '!'be tint. reilecUoa fl"Oll the lDterfac. (FiV. 

S-6f(b)) i. 4eterain~ frLa tbe lacideat .. va at tbe 

100 -)'ovt depth. ~ raltio of acou.atlc WIll. SaDOe • .croa. 

tbe interface 1. 

1 
• °lCL • n,ul ~HOOI 

• p c1 IT.·~C :4600 • 0 •• 75 
2 L 

Uaing Bq. 5-!). ~ pttu atn .. of tbe h~.' \eye.~ re· 

flection 11 

L • ~ • 1 - 0.475 
or r-+,. 0'1 I + D.l" 0'1 

0; · 0.3601 

~eking ~i fKoa FiV. 5-6l(b) for r • 3/. 

O'~ • 0.36 "6 pai) • 3. p:..l (23 ./c:a2) 

'!'be dACay U .. hi.tory of tbe reflected au.s. va.. ia 

a •• WINd aiJnlu to tbe ~y of the inciddt vava .. 

tbe wave i. aa~ to p~~~t~in alaatic .. tar1al 

without. ette1'lWttion or cbange. Ttl .. fir.-to seflect101l 

fro. the interface subsequently ref I_eta fro. the ,r0ua4 

s.artac. ~F~g. 5-'.(c), which si.ply re?er .. s the .ign 

of the fir.t i~terf.ce refLection (Eq. 5-3.). 

Altbouqb aubHqueat refl~lon. ua un

certain due to l'Iaterial inelasticity an4 two di,,:I,aiOCl&l 

effect., a rough esti .. te "7 be aacte by cons14ering ~. 

.. tari.l to behave ela.tically OIl the UDl0a4-~el0a4 poc

t~un of the .tre ••• train cQrve. The ratio of t.ped·nc~a 

at the l.yer for .ubsequent refl.etion. i. 
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" 

Since both the clay layer and undarlyiD9 ahale h~ve r -
1/4, • re.ains 0.475. '!'be peAk atreas •• IlOCi.&C.e(l Wltll 

~)e second r.flection (Pig. S-'4(~I) at the 1r.~7!.C. 
.1., Uaer.fora. 

or - 0.36 (-34 p.i) - -12 p.i (-1.3 R/eal , 

Aa tMtfore, the tu. hil"tory of tM refllCted ;AV. ia il.

s~ sia11u to that of the lDcident wave. 'rbe ..coneS 

~~ s.arf~~e retlecLioD ( .. ,. 5-6"e») .~1y r( '8%.e. 

the .1gn of the .... -o~ la1.r raf\~";1;l.'n. Note that 1M9 .... 

tive .tr..... ..eociat.s with reflected wavaa do no~ Aee •• -

earily indioace tQnalon 10 tbe ~terial .inca thay ~r. 

auped.lllp)eard ()n an 1ac14ent str ••• .,.st-.. ",,41l.h b cae-
pre •• l".. 

Sllperpo.it.10l1 of the va". ay.t._ of Jrt~. 

S-U re."lta in the •• t1JMted vertical .tre •• ii._ h:A. -

tory for the 2S-foot depth .. bew 1n Fig. 5 .. 65. The bod

aontal Str ... diU hiatory can be taken '\CIuel tc the 

.ertical bi.t.ory .ince tha clay h .. tur.·~.ed, i. •.• 

Ko - 1.0 (Table 5-t). 

Velocity-tt.e hiato=i.c can b~ .atLaat~ 

in a .annar .1ail~ to thAt u~ for .tr ..... , recG~i.

lAg that co.pr ••• lve vave. cltn .. piiirticle v.lociti~= in 

u.s .Jirectioa of ... ~v,. propagation wil. tanane (r.,lia1:) 

wavea cau •• par~ich. velociti •• 0~8it. to the direct.it)n 

of .,.ve propsgatior,. 'the no .... lhed particle velocit}

tt.. hi.tori •• at tha 2S-toot depth due to tho incidont 

¥kve are .hown i~ Fig. 5-6'. 'the el •• tic SOlution (r -

1) ia obtained cUr-u:Uy fr(',. Sq. 5-16. '1'he bilinear- DO 

recovery aolutiOD i. fro. Fig. 5-61 (b). Tho a",tudon 

for the .. teria' of inter. at (r • 3/4) i. obtained by 

linear interf0latlon between the bounding .elution •• 

nt 
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' ..... _ .... 
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~be veloclty-tt.8 history due to tbe in
cident .... and subsequent refl.cted vave~ i. shoWn iL 
rig. 5-67. The velocity-tiae bistories for th. refl~ed 

.. ves Are der:lved froe the atr ••• tiae biatorle. of 
rig. 5-64 ... ~ ~ layer behavior i. ela.tic ar4 

governed by the unlOAd-~eload ~ulue of the .tree.

atrain curv. (~. 5-36) after initial pea"ge of th~ 
1ncid.ant w.ve. SUperpC>"ltioll of the individual U .. 

hietori •• ~.ault. in the e.t~ted vertical velocity 
ti ... hiato.cy at the 25-foot depth .bow,~. in Pi9. S-U Ca). 
Integration of the v.locity-ti~ hiatory qiven ~~~ 4ia
plac ... nt tt.e history ~~n in Fig. 5·6a(b). 

The pe.~ ver~ical accelera~iOD due to 
the airblaat ia ~.tt.ate4 using Sq. 5-43. 

a -
2Vaax _ 2 (1.6' ft/aec) _ 560 ft/see2 -r;- 0.G06 sec 

• 17 CJ 

"""ere the 1'1 .. tt.. tr baa been co.puted according to 

Be. 5-41. 

• a rl 1 1 ] 
tr • 0.001 + ~ - t~ - 0.001 + 14 ~u -~ 

0.006 sec. 

hak horiaontal .. ~ion. are _ti, .. t'!Jd 

UlI.1DCJ Table ~-5. It hae alrea4y beaD 'Stat.ed that the 
horiaontal .tres ... y be taken a. equal to the verti~al 
.~:"_.s slAce Ito i. approxi .. tely 1. In 017der tu esti
.ate the ra~10 of peak bori.~tal acceleration and velo
city to peak vertical ~nent. it i. nec •• aPry to •• ti

.ate arc.in Ci'U anet arcsin CL/U. r~OII Section III. 

tnQ airbla.t .hoc~ front velocit.y. U, can be founel to be 

2!;OO tt/se.:. Sincfll the .. .:. .... .: v.llocity, Ci , exceeds U 

siqnals are p.opa~ating in the surface layer abead of 
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tM! •. .L~) 

"I>a, t1". al,. illd1cet.ea 
"!*4~'4 ... t.oo 

T~ lMel, 

O.S t ~---r- ,.;.~ i_;;) 

o 0.1 0.2 0.) 

Ie) fir!'tt GrOl1nd Surface "Ue<.:t.iOll 

0.1 0.4 0.3 Ti_ (MC) 

• ~ I' I I . 

-0.5 

(4) Seeo,,", Interface "fle .. tioll 

0.1 0.2 o. ) Ta. (Me) 

• ~ -c:.:=---' 
-O.S 

leI Secorul Ground ~1..U"fac;o ".lecUon 

ri~ur. S-67 Vertical V.locity-Tt.c Hi.t~ries Du. to Incident 
and R.fl~cted ~av ••• EXAMple 5.7.3 
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0.3 ..... :~Olt. I 

-1. ~ 

-1.51.-

~) 
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the airbl.et .a vell a. arriving troe d .. ~~r laY0ra. 

U"'-~.r such c(,nditia.n., the peak hoI' izontal .cce~eriOt.i.on 

can be ~ak.n equal to the peak vertic3l. 

The ratio of peak hori"o.-.tal put.lele 

velocity to Lhe peu vel tical particle ·{.locit}, ia 

given b:; 

( CL) ( 2500)., 
t~, arccin -I}" .. tan arcein 2900, .. 1. I 

which exc.ed~ 1. AccordLnqly, t~~ peak hcrizGnt~l p~r

ticle ve1t-city .ay be taken equal to ";hu peak lIeru.cal. 

The peak horhonul di.pl.c .... nt C. 18 to local 41.,.bl~st 

aay alao be taken equal to the peak vertir.al. 

A very crude .atimat" of o-.:;ri zontal vela-· 

city and displacement ttme hi.tory i~ given in ~ig. ~-69. 

It ha. beer. ".s".ad that the pt3Alr; horizontal particle 

velacity a.aoclated witt each indlvidual wave l~ equal 

to the peak vertic .. !. 'Iroe dir,;,.c..:io::l of plopagdtion of 

the bariaontal wave. 1. alway. outward. TI~r~fore, co~-

pr ••• ive wave. ca~.e outward particle velocitlcs while 

teneile (rell~f) "f,v". tl.nd to reduce th~ outward velocit.y. 

S.7.t OutL~ing. Ground Shocll: 

a. GIVEN: 'i'he bUIst, geologic conciltions. 

.. te,ria1 properties. Arrival tiJlM!s and ranges vi ExAlll

plea 5.~.1 And 5.7.2. 

b. FIND: Parti..::le II .. '.ocities and displace-

ments due t:o outrunning 91'01.00'1<1 ·;1'\ock. 

c SOLU~ ON: Pe~( outrunniag vertic~l par-

ticle velocity ia estimated fr~ Eq. 5-52 as 

8 [H4T12/3[ 1tt ]2[100 .E£!]f!2oor,p,,-] 
v. • 3.1 x 10 tt/aec IHTJ 3400lf nOpe! l510, fps 

v. • 4.8 ft/aec (1.8 aVaec) 
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Vertical part1cle velocity and diaplac~nt ti.. hi.

torie. are ~.~bli.hed fro. Pio. 5-31. The character

i.tic tj .. , T 2 , ia eat~' Jd a. 

T • 100 + AM • 100 + (3400 - 2150; 
2 T 

• 413 .. ac • 

61nce the r&n9~ at which flrat outrunn~n9 occur. i. 

U!..l ft .. Sete.nrined in &x.-p~" 5. 7.~. 

Outrunning vertical velocity &nd dia

placeaent tiae hi.torie. are given in Fig. 5- 70. ilori

~Ofttal t:i~ hiwtorl •• can be ...... d equal to the verti
Cil}. 

5.1.5 crater--Induced _Ground Shock 

•• GIVEN; The bur.t. qeologic condi t ion. 

and .. terial propertie~ of Exa.ple 5.7.1. 

b. ~IND: Crater-induced particle veloci

,1 •• al.d dhpl.acementlS. 

c. :»V"'tJ'!'ION: The ap~.lr.nt croter volurae 

for a 1 NT .. urfac. L'urat or 1..010 ft of wet clay over

lying .hale w •••• ttaa~~ 11 Exaaple 4.5.5 to be 1.63 

x 10' .:\1. ft. Equation 5-7' relates peak h,'rhontal 

d1.plaoeaent to crater vol~, i .•. , 

d • h 

O.45V4/3 

-T-M 

0.45,1.63 x 10')4/3 _ 1.02 t~ (0.31 .) 
- (1400,3 

P~raanent di.place .. nt i. approxiaat.ly one-half the 

peak traneient or 0.51 ft (0.16 .). 

The peak horizontal particle v~locity 

1~ •• tiaat.d -roa Sq. ~-'l. 
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III 

v • o.Ole:1n • 0 01(773 :r.Ill [~-3 ,3400 ]-2 
b e Va (1.6) x 10 ) 

2.00 ft/ .. c (0.61 ./aee) 

where Ce i. detenlined froe Pig. 5-5' aa the diatllf,ce 

to the 100 pat level (340U ft) <hvided by the tir")t of 

arrival of the crater-induced wave (0.4~ .ec) . 

The ri .. t1&e to peak diapl&cesent lS 

~tod ~.ing Eq. S-12. 

(
Vl/l) [ t • 50 _A_ • 50 (1. 63d. 0

8
) 2/3] 

P C. It mm ]'00 • 0.57 aec 

Wave fora. tor crater-induced ~t.0ns 

are very uncertain. The pe:k displacement. p<'Il:_nent; 

diap 1 ac ... nt, diaplace .. nt rl .. time and peak v~locltt 

are roughll' conaiatent wi th the trapeaoidal hoI' 1 'G.ltal 

v.lo~ity pula. ahown in Yig. 5-71(&) (Ref. 5-50). The 

correaponding h9riaontal diaplacement pulse ~a ahown 

1n F1g. 5-71(b). Althou~h the pula. shapea Are rela

tively arbit~ary, ~ey agr .. ~ith the computed para

.. tera and are expected to roughl)' r_ilra.ent the gros .. 

.otion. Vertical hiaco:>ries ~y be ta):en elUa1 to the 

boriaonta~ • 

5.7.6 C~..i t.e Grolmd Shock 

a. GIV"~ ~: 'rhe ground ahock e.ti_tel! of 

Ibuutple.S.7.3. 5.7.' and 5.7.5 and the arrival tlmes 

e.t~.ted in E:tample 5.7.2. 

b. FIND, Ca&pltite yWr~ical and horizont.l 
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Fi'J\lre 5-71 Crat.r·rnduced JIIot::lOO Esti .. t~!! for Ellaaple- S.7 .'5 

D~ 

v .. -0Qft4 .,Uoo •• tllWt •• at a ci.~1\ of 25 feet at the 

100 pel overpr ••• ure level. 

c. SOLUTIO'II The U .. of arr 1 val en iaat •• 

froa Exa.ple 5.7.2 are s~iled below: 

• OUtrunn1nq Ground Sh..:ok 0.3« sec 

• Crat.r-I~duced Ground Shock 0 .••• ~c 

• A1t"bhat 0.54 sec 

An •• tiaate of the complete IIOtton envlrQ~Jlt is ob

tained by .t.ple .~rpo.it10n of the 8Otions trQm the 

outrunninq. airbl •• t and crater source a in accQrdance 

w~th tbe arrival ti ... ~jven abOve. The re.Jl~. of 

~rpo.ition 4r. shown in Fi~ •. 5-7~ thrcuqh 5-75. 

5.7.7 Direct-Induced Groand Shock 

e. GIV£Nc A 10 H'I' surface burat at, a aite 

c:oaapoaed of granite with a .eisric velocity of 17,500 

It/.ee. 

b. FINO. Peak radial .cce~.rAtlon. velo

city ~nd d·.plac~nt at a p~int 2000 f~et ben~ath the 

expl.oaion • 

c. SOLUTION: P.ak velocity i. computed 

frora Eq. 5-65. 

w ]2!3[ R ]-2 
v'· 2S ft/s";.:lIMf nTf 

v • 
'-10]211[2'-2 

2S ft/aec IT -:-J 

v • 29.0 ft/aec {I.S m/.;ec, 

H6 

f'" 
\ 

"~ 
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6.1.1 ~ 

' ... ..,.1011 VI 

IlADIM'IOll PBDOIIIdIA 

Although the bl~.t. .bOCk. oratering aDd ,round 

.oti.or. effect. 4i.aua..s 1D the precedi.ft9 -ecti ... are Uftd?Ub"e4ly 

u.. ... .ue.t aUUCtu):al 4_,..-proclucift9 ef!ecu. there are 

M4itilODal nuclear effect. Wbicb iapo .. conatrainta OD the 

de.lin and analy ••• of protective ~.truction. &ffective and 
efficient de.l9ft or .naly.i. of a total .. ~ syatem Or facility 

require. that the b •• ic structure. ..rve to ~tl,ate Qr 4ef.at 

all nuclear ... .,aon effeet.which ~CJht 4_,e the etruc:ture, 

struct'U'e contents. Nod/or pers(.'n.oel. ...4iat101\ ahieldin, 

r~ ir ... nttll for the protection of ~rllOlUlel .. "let equi~nt can 

control the stl'uctural 4e.igll ia aoae c ..... 

The initi.l radi.tion. (1. .... the ~ ray •• 

lWutJ:\ n. and X ray.) fr ... tbe extr ... ly hith t.-perat.ure. of the 

t..-.b ,.,,,,pm-. are largely 4eterained by the beeP IYterial. and the 

col\atr\ict.iot. of the nucle..r ...apen it .. lf. 'I'he fractlon of ener9Y 

wIlich .. )" ~ racliat'ild out a. X rays before the baab IM9in. to 

bla~ apart 4epend. largely on its y\el4-~ •• r.tio and the 

type of ..aterial which surroun4. the .... pon. The wtal fraction 

of energy which ie rele.Nd in the variou. fonu of radi.tion 

.. y r.l\ge frca • very ... 11 percent to .are than 10 pucent of 

tM total en4trgy <lenerated (Ref. 6-1). 

The type. of rad1.tion of intere.t. in protective 

con.truction 1.l-:1ude initi.l , .... ray. and neutron •• X ray •• 

elfl!Ct.rOll,t,9netlc pul .. (P..KP'. t.benwal radi.tion ancl re.id>1.1 , .... 

radiat1~ll. Approxiaat.ely 5 percent of the tet.l energy frca a 

typi.c.!!l Ai 1:' twr.t of .. f i •• iun weapon Appear. at • distance a. 

initiAl q~ r.y. ancl neutron.. 35 l;»ercent a. tberlMl rAdia

tion ancl 10 percent •• re.idUAl r&c1iation. Bee.u .. of the h1~h 
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iDtelUlitie •• yery lon, raD\e. aD4 10D9 life (in t.he ca .. of the 

r •• idual ~UCINZ ra4i.t.ioD). .!'.oI .. ra4iA':.1ooo are !JIportAftt ae .. 

thre.t. to at.ruot.ures, ~i~t. aD4/or peraoDMI1. UtbOU£''' 

rAdiAtion effecU .. y act be tlMI ,overnin9 facto," ir. the 4a.1\ 

of protective structure ••• peci.l 4e.l,n coa.lderatlona are often 

neee.eary to proyWe l14equate pr:otectioD f~r peraonnel antl 

equir-nt withiD the facUity. The ,Je.1qDer lINat )u. •• gel\8r.l 

~led~e of radi.tion effect. 1n ~r4er to pr~ict lev~le of 

ra41atloa at. .. gty .... loc_tioa, eat.~te tolerance: level. for 

paraonnal ancl .-qui~nt, and pn:;"i4e de.19n" adequate for the 

4e.ired !evel of protectioa. For target ANalysis •• udl knowledge 

1a nec.a.aary to pre.Sict. .Uecta on aqul~t anJ perllOnnel. 

DetAi:ed predictlon of the fr .. -field rAdiation 

pbe~a. require. the ~so of ~ophi.ticat~ ~~ter progr ... 

wbicb .ccount tor the deuil. of '''.pou (1l1s:l911- 61'1I1l.'QY pax-tition. 

bur.t ..siUII. int.erveninq .t..oapbtlric conditiona, t.opoguiphy. 

etc. However, none of the .. jor ra4j'tion effecta .r~ crit.ic.lly 

4ependent. on·~plet. d.tail. and ~acful e.t.i.-tee can be. aD4 

hAve been. aAde by t.he ~rocedl1rc·' pI'eaentad in thia aect.ion. 

.eotlon .re 

The radi.tioa ptw,. •. :MIl. conaidered 1n thia 

• Initi.l r.diation (9"'~ raya, neutron. and 

X rAYS) 

e Elect~gn~tic pul.. (EMP) 

e Tber.al ~adi.tion 

• ".id~ nuclear radiation (fallout) 

Thi. Metion will .-pba_ia'!! ai.apl •• P .. ·.·v4(ia.tion. 

and predic~iOD terbniqu ... wbich are .dequ.te for p~eli.ac.a"Y 

4e.i9ft and. in eo.. c •••• , for detAiled analysis and fiDAl 

dea19ft. Rcdiat10n effects ara l~ .. ly r_lated to cv.rprf~~u~e 

level rov.qhly .a .UIID&riaed t.elov. 
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a. At ovupr ••• ur •• of ~~ 1000 to 10,000 
p~i (,.t to "'0 _/~2), the e.tr ... ly hlqh aurfae. 
~~~~qy depo.ltioa .. y cau .. ei9nlfic&D~ ~ge to 
upc"..s e~r1ICtural .. ur1al.., .. ~ U.!l~t.t.ed 1 • .,.1. 
.. y d .... ge internal elec::t.roDie eqaUpaeIlt. All 
radiatioa eDvir~te .u.~ bG CODe~re4 1D ~ie 
regioa. 

b. At oV4rPraNur.e tlf abcMIt se to 500 pai 
(3".5 to 145 lilcal ), aM;&Cfece-flu.ab 8tr1actlll'al -a-r. 
required f~r bl •• t protectiOD are ~.lly ""1-
ci .. t.l:t .... i.,. to rrovi4e protect.iaa frca tM 
i4.t.ti.l radi&UOD, tta. ~l :r&4i4t1oa ..... tJae 
1'_14_ .. ra41atlOil _v~t ...... ".1', .. fICO-
btCtioa. _ill py. to be 00 ... 14" .. . 

c., A~ low ~eaa .. J.r.s of abou~ 2 to 20 
pel (l.1I w 13.1 -lea'), u. .U'UC~ur.l ........ 
requlr" for bla.t pcotec~l08 ara 9~~ally DOt 
~fj( l_U~ ... ".1". to pcov14. pcotec:do. frca 
1A1U.l ... 1'"1.4",*1 r..s1ati.ocl. aa4i.UOIa effect. 
MY ~rft ..... 4eaio,:ta 11: tau 1'..,10&. ~ FOt.tM:Uoa 
.. 11:' ... lao be.,. to be ~Uend. 

'.l.~ oafinlti~ of ~~ 

Di8CU •• ion of ~ yarioua fnraa of ra41atio~ 
~ followiD9 ~.~rapba will iDvolve ~ .. of te~ whicb "Y 
be IIDfaai11ar to .... 'J"be f~llowih9 qlo ... ry ot teras ia 
provided to facilitat.. art w.der.tandl.hf of lat.r _urial. 

Abaorb14 Dc .. 
'!'be .... rqy abeorb.s frae tho Qucl.er rlldiation per 

91"- of expo .. .our i.l. na10 tar. Jo. apr..... iA rftp. 
o. r.o. •. 

!lEha PcrUcl •• 
Alpha part tel ••• r. i4eatlcal in .tructure witb the nuclei 

of belium at~, a.cau .. of tbeir relativ.ly lar9 ...... they 
are very low 1A penetratiR9 po.Mr. 

141 

~_ Particl •• ..ta puticllta aro ldenti~l to tM el&etrona that orbit 
about tbo nucl.i of ata.a wccept for their uri9.ln and .peed. 
Ybey originate in the nucleus of an atoe. have 6 verv ~ll 
r.lativ ...... and trav.l at biqh .~~ • 

00 .. bt • 
00 .. rat. i~ the rate at which ~a4i4t~on is being receiv~ 

froe the Zield of contauilWltion. .1:1. ill the .... 'ant 0:' ioniainq 
(or nucle&r) r-Slat10n to wbich an ll:<lividual w;;)uid ':E exr-..sed 
or receiv. per ~it tt... It i. usually given in roentgen., 
rai. or r_ per unit ti... Unit.e of erg. ~r gram \Joules per 
kl10iraa) per unit ti.\..e are 80IIetilwtS used to indicate energy 
which the .. t.rial would abaorb. 

bpo.ur. OO.e 
'I'Ilie i. the integrated doae rato with ,....e.pect t.o tilDe 0 It 

1. the totAl quantity of radiatJ:.>n to which .. ptJint or boGy 
~l4 be .u.bjected in a gi',.n ptlri~ of t.iJae. ~be!n de'i~ri"j.ng 
9 .... radiation, it i. u.ually expr •• aed in roentgen~o 

~~ 
The tctal nu.ber of p&r~i~le., wav •• or energy pas.ing 

t.hro\lcib or 1l1pi&',]iQ9 upon a unit &I.a. It j. the same ,. 
1AtegrlltecS flux. • .u.nc. i. l1IO.t often uaed °in ael"-z i01n9 
lMutroa anQ X ray radiat.ion do .... 

t!.!!! 
Flw: i. the nU8lber of po.rtiele •• wav •• or energy passing 

Utrough or u,Qinging upon .. Wll'~ area per unit ~ ).roe 0 It i. 
uead ~.t oft~, in d •• cribinq neutron and X ray radiation. 

!!! 
A unit of absor~ do.e of radiation. It represents the 

abaorpt10n of 100 &rgs IIO- 5 j) of nuclear :01 ionuing) rad'.
tion per 91'''' of the abao1bing .. ter i4l or tiSS'.H!. For q~ 
radiat1on, an exposure dose of 1 roentyen will C4u~e a ti •• ue
aboarbed done of vel~y nttarly 1 rad. 
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!!d~~!.!!!!. 
'I'bia tena ba .... aninc.J • iail u' to .xpoaure clo .. , except. 

that it ia only uaed in de.cribin9 ~ra.l radi.tion. It i. the 

integr.ted tber.al close rate vith re.pect to t~ and t. uau.lly 

expr .. "aad in calorie. e)r juule. per lJ\lll.re (:eJltialeter. 

Rea 
HIe rea (roe.lt9eJl equiv.l ... t ..... 1) i •• unit of 

biologic.l doae of radiation. The r .. is related to the rat1 by 

a factor called the RaE (rel.tive biological effectiYeDe •• ). 

Do .. e in ~ea + IlBB x clo .. in rad. 

'l'be ua i •• PPZ'oxiMtely Wlitl for 9 ...... beta an4 f •• t neutron 

r.cli.tion. t'.~refore. for radi.tion incident 00 .oft ti •• ue. 
it can be uid t.b&t 

Number r.. ... nWiber rad. ;: roentgena 

~.E. 
'!'he rap (roento:en equiv.lent phy.iCAl) 18 • unit of ab-

sorbed do .. at any loni.in;;; r.cSi.tion ¥bieb renlt. in the ab .. 

aorption .f about 91 erg. of .... ru per 'Ir .. ("lO-2)/kg) of soft 

ti •• ue. ~or soft ti •• ue, the rep and raj are e ... ntial~y the ..... 

Residual Radi.tion 

Residu.l radiatioh ia 4efined •• that radiation .. ittad 

later than one .ioute after the explo.ion. Since clirect. neutron 

effecta are confined to initi.l ~a4i~tion. alpha .nd beta 

partic~e. d~ 9 .... ray. c04atitute the radio.ctivity that i. 

.ssociated with re.idual r.Siation. 

Roentgf!n 

The .trength of a 9 .... radi.tion field i. uau.lly expre •• ed 
in roentgens. It i. an internation.l unit of X ray or 9 .... ra

diation and i. that quantity of ra4iation re.ulting in the absorp

tion of about ,7 elg. per 9r~ (-'XIO-lj/kq) of air. It i ..... -

Mure of expo_ur. dQ.e or dose rate for g ..... nd X ray radiatio~. 

8..,lant Range 

"he di"t6:ic,,", feu .. a 91ven l~ation. usu.lly on the earth'. 

.urt.ce, to the point at which the detonation occurred. 

151 

'.2 lMI'l'DL KUCLDR 8ADIA'I'IOil 

'.2.1 £!!!!!!! 
_\K;ieiU radfAtton re.ulta fro. both th. fi •• ion 

and fu.ton re4C't ionr. &n4 i. relwaad both .t the inatant of the 

axplo.ion and ')ver an exteud~ period of ti.ale. !t h cOQveni-snt 

for protective .:onatruction purpo.e. to con.ider nuclear radi..

tion a. divLQed i~to tVQ categorie8, l~iti~l and residual 

(f.llout), vith t.he l.tt.er further .ub<l .. vided into early ... 1d 

l.te. The linea of ct ... cc.tion are not ..,11 aefin-'ld, but initil} 

nucl.ar radi.tion i. gener.lly con.idered to be that emitted 

vithin the firut .inute of the explo.ion. vith t.he reaidu.l 

r.cSi.tion or f.llout •• that eaitte4 l.ter. Por underground 

cletona~ion •• the initi.l and re.idu.l radiation phase. ter~ to 

_rqe into e·ach other and tru. &bove eli.tinction i. net an 

-.ningful. Initial r.di.tion include. gasma. .. r.ys. r.eutron., 

X r.y •• nd alpha and beta particl ••• 

Bee.u .. of their lev pentllt.ratinCf pc._~. the 4"\pha 

and beta particles fonted in the .. r.1~· :"Itag.~ of th .... nucl~&r 

explo.ion viiI not aoraally reacb the 90ru~ fra. an air buret. 

Altbouqb the r.~g. of .n .lpha particl. 4t11p&rA. on ita initial 

en.rqy. in lIO.t c •••• it vill travel ~~o IIlIOre than about 2 1nche. 

(5.09 cal in .ir before ita ener" ia di •• ipated. 6et __ ~ti.cl." 

are MOre penetr.ting than alpha particle •• but in GAnY c •••• their 

ranqe in .1r i. atill only 10-12 f .. t (3.05 - l.6t D). aeither of 

tMH p.rticl •• repre.ent •••• riou. hazard unI4l'.s lnn.lecl o~ in

gested into the body. £loth pan. i.e Ie. also reaul t t ~Olil the rAdio

~;tive decay of boab debris At l.ter times. 

G .... r.y. cOilai.t of .treaaa of ph..,.. ,f!, amelI 

packet. of energy, hevinq no ailS. or t.:~ctrical c!-..... n.F ahd tra.,.l

ing vith the speed of light. They are quitc su:iil.l.:'" ~c· )l rays 

except t:hey are higher in enerqy au: oriqinate in .. ~~-:;<:..... A 

portion of the tot.l 9 .... enviroDSlent i. _itted in the i.niti.l 

fi •• ton proce •• , but the aajority of the g&JlllUl raYIlI arr h:'i r,g at 
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cU stant. -l-x:at.1nn. are P£OCl\1~ by MCOAdary pcoc ..... a. ..9. 

MUtron c;aptue or intuact.iCl.~ with nucl.i of vlOXiou ... t.rial. 

pr .... t. 1n tIM. .,.al-On and I!'arrounclia, at..o.pbere. G-.. rays 

.r. ~reGely ~~et~.tin,. 7b.y naVe a r&DI- in ~ir of s.veral 

tbouaaM yard. vX' _ter .... c.m cau .. d .... ~ to rtructural 

... terial. •• er..",ip!h:Dt a[;4 perecnnal. Structur •• ·.-.I a. protective 

all_lt.r. au.t have .uffl.c~t .... ., oriented a. t;Q reduce the 

g...a ray peDetraU.ou to tolerable l.!a1ta for .lectroni" equip

..at and abelured per.aoael. If they an abllorbed ~. the body 

iA .ufficient. CIluotity •• ither atunally or: iAtunally. thoiy 

oonetitute a ver'f .eriou. bic:logical hazard. The fr.e-h ... dd 

fJlWIIO...' ra7 flux i.. qu .. dly ~1.2ae4 1n photon. per 8qUare 

~ontt.eu~r per 1NtCOD4. w... flu.~ 1a expre • ..s in photon. 

per 1IqU ..... c..'Ot~t.u • .-bil. t.iological do ... are in r?ent",ena. 

.. ~tron. are f~tal part. of the nucleus of 

lin .. tea ~ are r.l ..... :~ botb the fi •• ion and fi.l.io~ proce •• e •• 

•• utron abi.ldlng 1 •• difficult problea. differe?t frca tbat of 

ahield1nt a9AiU.t g~ ... ray.. .~utron., if they have high .nouqh 

enerqy, .. y be captJlred by nucl.i of et9ll. to fora new i8CltOpe. 

that er. 9enerally UAstabla &Pc! giva off beta and q~ radiation. 

~u., althouqb neut~on. do not dir~~lY ca~'8 icniz&tion, tn.y 

--7 caue6 the ~.i.aion of .\rha, beta, and 9 .... radl~ti?n with 

tbIt .tteorSaAt biol~ic.l t;..;azard of 1on1& ... tioo. ..utron flux i $ 

u-.ally expr •• sed in Mutton. per aquar. ccntiJleter per .e~J\d. 

-.utron flueDCe i. upr ... ed in n.utrons per aquar. c.nti .. ter, 

whil. 408 •• are in n:. or r ..... 

X ray. are .lectrr~qn.tic r.diatiun~ of high 

enel~y hAviog wavelength •• bOct~r than t~o .. in the ultraviolet 

region. Th.y are frequently cl£ •• ified .a bard or .olt. with 

tb4 latter bavi~q lonqar wav. l.ngths, lower encrqie., and beinq 

.are .a&i1; absorbed ~ the hard X ray.. They ar., neverthe-

1 ••• , radiation. of hjgb .ner9Y ~red with ul~raviolet or 

visible ligbt. 

'I'he ab.orption of the thermal X rsy .... which are 

..inly in the .oft Yo ray region. bl ~he aurrounding ambient 

-.diu. i. a~coapAnied by an increase in t~mperature resulting in 

the fOrtNtion of the fireball vi1jch then emitE the thermal 

rad~~~ion_ When the nucl~ar d.tonat'on or.~urs in air at near 

•• a-level conditl~ns, the •• thermal X rays aian cause at.ospberic 

ioniaation with a ~reatly i~~r.a.e4 d~aity of electron9_ The .. 

.l.ctrons affect electroa. .... netic.: tr&r.lJllliasio.~. (e-9-, radio and 

radar) by att.nu~tinq and/or refracting the signal._ Hard 

X ray. at clo •• -ia ranqe. intenlct with €.xpot.ed structural 

.l ... nt.. Thi. incident X ray rad~ant ene:-yy 1.& absorbed by 

near-~arget surfac •• , con~erted into thermal eneT~y and -.y 

r •• ult 1:1 d....,. to .tructural .. tertala. X ray flux i& uaually 

expre.s~ in c&loric. or joul •• per 5quare ~~ntimeter per 

second • 

Tabl. 6-1 .~ria •• the ftbove '·adiation types .nd 

their characteri.~ics. 

6.2.2 Prediction Techniques 

•• G--.a Radiation 

The int.nMity of prompt gamma radiation 

decre ... a with di.t.~e fzoa the point of detonation 

beeau •• of apherical diveC91. -Ice (invecl'Ie--squarof! 1.",) 

and interactions bet~:'I the: <jUllllM photons and the 

ga. molecules coapriainq the .tmospnere. AtmcQph~ric 

d.nsity affects this ar.tenuation in that the greater 

the density, t~e qrt.iater thw ... ttenuatiol,. The oath 

of radiation deviates lo<"ally frolll simple line-of

.i9ht because of theae scattering interactions_ For 

this reason, more than a silllple 8h~~ld 15 req~ired 

for protection. F' .. gure 6-1 indicates the total 

amount of initial q~ rajiation which wol.lld ht 

Leaoured at various distances ~row ail bursts of 

varying yielda. Thea~ data were obta 1I,ed frolll the 
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Alpha Pa.rt1cle. 

Beta Pllrticl~s 

GUllI' a Rays 

Neutron. 

I X ray. 
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TYPES OF ttlI'1'IAL h"UCLEAR MDlATICli 

INTEGRA'I'ED PI..l:-j ~ PJO'I'BCTICII 
UNITS , RIINGE 1M AIR HAIARCI 'l'BCH!\ I QUI 

- J:'Mh .. 81.01091c:al, 11 P 11 tee 1. nco.ift9 
(C;. V, Ci:~) 1uhaled 01' ift- water and air, 

, .. ted deconulliA-t.e 
peraonnttl -
rUte,: iftc():AtiD9 - Ten .' Twelve 8101091cal, if 

Pe.t (3.05 - inhaled 01' 11'- water and a1r, 
3.66 al qe.ted 4econt .. 1nat. 

pereonnel 

Photor../ca2 Several Thouaand 't.ruct~al , .h~e141~ 
(Rotmtqen.) Yard~ or Meter. B101091cal, and 

£qu1.-ut -
Neutrons/ca2 Sever"l Thou •• P4 Structural, Shield1n9 
(Bad. or RCIUI) Yarde oz Met4r. l 81010'/leal and 

lquiw,ent 

calodea/ca2
2 Sevel'alHundred Structural, Shieldift9 

or Joule./ea Yarde or Meter. liol09ioal, and 
Bqui ... "t 

Ca) 
__ 2S 

.... 
-:::' 

.- .. -

Fiqure 6-1 l.nitlal Ga ... Rad'atton Do •• v •. Slant ~nq. 
for Air t>enrity of 1 .lqa/l iter 
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following exprt •• ione frOB Ref. 6-1. 

Dy • 7 x lOU f Q [m] eitf eXi{-(l;clrre-r) (ITt) {L~)]r 

• 1.55 • 1.
12 

f .[\.~5j][!£r "~[-('k:/.l) (fa)(!f)] , 
"'re 

Dy • g .... do.. in roentgena 

a • fl + 'h~r]/[l + O.Ol(l~)2 + O.005(r~)3) 
rl ... G.l421,~)2]/ f[1 ... 0 001'(-.!ts)2 L \10 j 10- J 

... O.000068(~O~Sj)1) 
2 A • 1010 + 1.!'\ [rWr] ft 

• 326.14 + o.0261[~12 . 10 j 

W - y:eld in NT or Joules 

R • range 

f • fi.llio~ fra-:tion (typically" 1/41 

(6-1) 

p • air deneity in 'VIUU per lit.er or kg per .'.lbie JOeter 

- .. an tree P'!~:' 

o - ettective .~lification of yield 

r - roentgen a 

Fvr a .urt.ce burat, the duet ard cebria produced by 
the exp10aioD will cau.e a reduction in the exposure 
do •• at any given -liatAnr.., from the burst poUlt. 
R.eferenc~ 6-2 eU99"at,J that the ini.tial yaJIIUllI dose 
froe a aUl face bUl'!.It be taken a .. two-t!1j rde ot that 
from an air burst ~t the S~ ~lant di .• tl1n:::e. 
Reference 6-J agrpea for sux'face burst-surfAce 
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target, low y~eld weapons. However, for larg. yield 

weapona, the initial q~ Jqcldent on aur~ac. tar· , 
9.ts tro. .urface bur.t. can be .uch larg.r than that 

fro. an air burst at corr.s?Qnding slant r.nq~ •• 

Referenc. 6-1 ~re.ent. curv •• and tabl.. for d.ter

.ininq initial 9 .... do •• for various burs. and 
target loc.tio.~ •• 

b. Neutron Radi~tion 

Th. production and • .u •• AOft of n.utron. 

a.ld the energy apectru. aII4 total hUllter of ~utron. 

recei ved ",t • locat ion ar. a funct',., 1 of ve.tJOIl ,h
.ign. In qeneral. the the~.~cl.ar fUSion Froc •• e •• 
produc. nore h~~h-~n.rqy n.utron. than do tt. fidsion 

proc ••• e.. Thu~. any r.pl. ... nt.tion of De.!tron flux 

bte,.aiti ••• 11 a function of field ani dt.tanc. by a 
.in91. curve .u.t be uv.r-aimplified. 

The var.lou. detection .. thod. uainq boron 

countera. fia.ion ch~=., and foil actiVation can 

p~vide ~a.urements in .b.orption unit. (rad). The.e 
au.t be converterl to I.lhits o~ bioll)9ical do.age (rea) 
befo;.:-e the effects on bwaana can be .... yed. The IlBE 

conv~rsioD f.ctor is di~ferent for different energies 
varYlng froa 1.0 for f •• t neutrons to l.S for ther .. l 

neutrons. Reterence 6-2 sU9qe~t •• v.lu~ of about 1; 
however, this value i. ~ubj.ct to furth.r study .nd 

poa.ible future revision. 

~espit. the preceding deficienci •• , it i. 

necessary that a detar~nation be .ada of neut~on do.e 

for de.ign or analy.i. ?Urpo.... riqure 6-2 indi~ate. 

the amount of initia~ lleutror radi"Uon which would 
be mea~ured at various a1.nt ranged fro. a lMi' (4._84 x 

l015j) air burst fur an average air density ~f ~.l grams 

per ~~ter. These data were obtained {rca the fo11owin~ 

expression from Ref. 6-1. 

•• ",,"' __ ~~'"""-~~~t.IMr~:w.. ........ ';.. ... '~. 
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On • :t x lCr'2[dt]eittlexp[-~xk;f \9i/fltAr·'/7.0JDlca2 

• 4.U x 10:'&0[ __ '" ] r~.rexp[~{! .. \1 . ) /2l11n/ca2 
lOI'-j l a \a)\k9/a] J 

On • 5 x 1013[~]P;!.texp[-jrh)(191i1!lte.:}/780]nlola 

· 1 1 x lOU [l.!Sj] [~]2 exp[-(f.)(;;7;t) /238)r.'. 
wbel:. 

Dn - aeutzoa doae. 

Alt.hOagb the .,.utron do .. froe a aurf.c. burst i. 1 .... 

tMn t.b.t frOit an .1.: bQr:.t, • correction factf't' of 

\lIlity is r~(".ded 1JI the ab'Mnce of .or. definitive 

(6-2) 

(6-3) 

:'..n ~~~._ ~1OD. ....c:- .:.'cnc ,1e!.d&. t.he date. shown in Pi-). 

6-2 ~. wu;tip~ied by the yi.ld in .-gaton. (in 51 unit., 

r.ult:iply by the ratio W/4.1I4 x '.015
1). 

c. " Radiation 

Aa for the other foras of initi~~ nuclear 

ralCliatiOD. t.be c.'laractulatica at X rays are 4.pend.,nt 

upon weapcn 4 •• 19n. The int.ensn:y, or flux, d.-

cr ..... vl~~ ir.=~ ••• in9 diatance from the point of 

detnnatio~ bwcau .. of .pherical divergeD .. and 

~rptiOD in f he at...oaphere. 'I'be r ..... of abaorption 

depend. ~rt.arily on the den~ity of ~ at.otpher. 

and tha .. ergy lev'Sl o~ ~ ~adiation. X 1-.aya C4U4 

tr.v~l qr.at ~i.tanc.a at. very h.gh altitude., b4t ~t 

.. It..ituder. of lell. than awro:(.u.t.J., 40 .U •• (64.4 Ita), 

they are ~rb4td witbin v.r.r _Mrt di.t.a"'ce. ( • fev 

f.et or .. ters fnr the~l X raya) and give ri .. to 

fireball and blaat phenoaena. 

R.ference 6-4 9ivea th~ int89rated ~ ray 

flux on a aurfac. at a di.tance, R, froa a nucl.ar 
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l( Yr ~J [uo.1 2 
2 r ' ... 10 00- If-j cal/Cla 

[ Yr ] rn "J2 2 " 8 lo11j [R :,oule./CIII 

where 

Yr • radiant yi..ll in 8le9a·.ona or joul'!:!. 

II • ran,}, in k'la.et-;.,ra 

Reference 6-2 aU9guats that 60 to 70 

percent of the tot .. l energy £1:0. a nuc .. ear detorHl~lvn 

can btt initi~llY X ray •• therefr.re. it is suggested 

that Yr be taken equal to 70 pe-cent cf ~ie total 

yeild. The integrated X ray !lux (fluence) glV(~r. by 

Sq. 6-4 represents .an upper l.ullit and a.::t.ual n.uence 

incident on a .trvcture on t '\e around s~r f ace would 

be a amall fraction of t~is value. 

In c~der to ~~tain a more realistic 

eatiaate of the 'lux in=ident em it structure from 

• near-surface burst. Sq. E-4 should be modltled to 

ac ~unt for X r&y absorption by the atmosphere and 

th~ ground surface _ It is .uggested tt;t 30 percent 

of th~ total ~ ray radiation be considered an upper 

ii.it on the amount of absorption by the earth'S 

aurface. Actual abllOrptil.'n may be much less and, 

under some condit:;'ona, a>:>t of the incidtont radlation 

•• y be reflected. 

(6-4) 

Absorption by ~ir molecules can be a.sumed 

t:> be an exponential function of tile tot",l Jtl<lSS of 

air between the source And the target and the energy 

level of the X radiation_ Equatinn ~-4 then becomes 

)6; 



if 

F .. a )C i0
3 [lJrJ" [l: __ ]2 exp r-(,.--t-I' iH-- L-J) .• xlosl"d/ca2 

L Lf'!I, 9!f , l'1f!'./al 
• (6-Sf 

r .. r ] ~11ull]J. t' - \ It 5' 2 -'. '-::IT:" T ex -i::-+:-)(ffi)(~)~lO jlOUt../CII 
L10 J 'lea lkq k9/a 

vbere 

~ ..... absorption coefficient for air, ca2/~ or caZ/k9 

i) • .... density of air, 9iIl/ca) or kg/a) 

Fiqur .. 6-3 i$ .. plot o· th.t .... abnorpti.)n coefficient 

tr .. 1~ aa .. function of photon ene19Y l~vel. It ia 

ba.ed on d.t.a frow Ref. 6-5. Alto ,)lot'.e4 ia the IUS. 

at-sorp:ion coefficient for concrete fo:- a denaity of 

2.35 qnVca3 . In order to us. Fig. 6-3. it ~. nece.

s.ry ~o ~nov the X ray ?hoton energy ipectrua for 
the weapon of intere.t. Thi. apectrl~ i. a plot of the 

percent of X ray photon~ at the v .. ri~ua enerqy levela 

and Will have a .. ximum tal~. at ~ enerqy l.vsl 

characteriat1c of the ve ... .,n. The ..... aa absorpti.on 

coafficien~. qiven in Fig- .-~ a.al" • aonoenergetic 
• o ... rce. and it i. reco:aendecl that the lIWlS. absorption 
co.ff icient correaponl'ing to thia pea'{ \·4lue be used 

in calculating attenuation of the X ray racliation. 

Equat10n 6-5. wit.h the proper val.ue of i r • U and R. 

will glve an upper llait on the X ray radiation at a 
qi'-Ien l'Il.'\nt range fro. the point of dfttonation. It 

h .uq~e.ted that a lower lial.:: :x. loU ... a. 10 

percent of that given by Eq. .-S. 

Since a _jor po::tior, ot tM X raya are 

ab.orbed so rapidly at lover al~1tud ••• they are n~t 

considered a serious threat to Icat protective atrac

tur ... 8xce~·t at very clos. alant range. al11 for their 

effect C~ radiO co.aunication •• 
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I.J D",.CnC_Gl ... nc PULA C .... ) 

6.].1 ~ 

A ftU.:lear exploaiClll ia ~i.. by .,. .lect&'O

~tic pul .. which can ca~ .. 4"'ge to electri~/el~trClllir 

equis;aant aN ey.t ... 1A barcleDeCl p.:-otec.:iw et.rueturee. The 

... 1 •• l..cu-c:-a"netic 1A ~.1tiOCll with .oat of it.. ener9Y 

within t.be radio frequency ~t.rqa, r~in9 .pproxillat.lly 

frca powar-liAe f!""~·-.cir. t-.o ·adar-.y.t .. f_..-4'K.K...... The 

... 1a crudely .1ailar to the vaY1t~ '1enerat.e4 by nearby 

lightniD9 oe fro. a r-.410 bI"oe.fca ... Uti,OIl. 

!bare are, 1A venaral, t.wo cl1ffereot. -.chani ... 

,., vln.cb a nucl.ar exploaioa procSuce. the .... i.e •• tbe Co.pt.oD 

electron eft~t. and t.be fieU di.pl.ceIIIIlAt. effect.. 10 U,e 

c ... of a 1M4.t. on or oear: t.be aarU , a.arfaee. t.be ~ton

eloctroQ e"~ ~ .. tbe pT'iJaCi,ptl -.chaDi_. It. 18 a.ec.:late4 

with ~ cr.at.ioa of an a.~tri in tbe electric char9'" diatrl

olIUt.iou 11: the recjlon .urrounc..-A9 t.ne 4et.out.lon. 'fbe fi.ld 

4i.plac:.lMnt. .ffect. 1. the re.ult of the ~ap14 e.xpanalon of 

vaapon rea14ue. 111 t.I~ ..rth'. _gnetic fi.ld. It. can bet 

reapon.lble foe elect.rc.agnet.ic .i9nal. fra. an underground 

bur.t. vboant t.be expen.iOll of 1IM&poh deMi. i. con.trained by 

t~ eurro~iDg .. ~.ria1 iD a core or le ••• ~:_rlcally .}~t.rl

.:.1 aanner. or frca tJy .• :.t hi .. h alt.it.ude., wher. the or.ly 

~1at.e iDtera-:t.iOll ot tit .. 4etoftAt1on .... wit;;.o the 9"'9~Atic 

fi.ld. 

I DOtuS abO"e, tt-A ~t.on __ lect.roo effect is the 

pc1N:"'i>81 .... i. of DIP geoerat1OD j~l De&r-&4lrface buret. (withiOl 

350 feet or 107 _tere or eo). In thi. ca.c. the .a~th'. 

.urfac. confine. ~~.iOD of ¥e4~ debris and rad1at.i~n tr the 

UF"Mr4 tw.iaphera and CA"'" a.,...try ln tbe elec::t.rical charge 

diat.r1.bl.tion around t.he detonat.ion. :(be initial 9-- ~ -cSiatlon 

-.itt.ad fro. the d.tonat.ion atr!ke. t.ba .olecule. in the 

aurroUDdinq .~.phere caua1D9 eluetron. to be violent.ly 
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.. parat6r4' fra. the alr .,1~C\l4e.. The .. COlilpton ~ .. coil elec

troIla .. 'O.,e o .... y fra. t!w d.tonation, le.vinq behirui the a..ch 

..... vj~r ond .l:.er IIOvil\9 po. '_tv. io ... , aa shown in Fiq. 6-4 

fro. .... f. 6-6. FrOID a cUatance, this ~utward lIIOtlon of elec

trona appeal. to be a pul.e of current 1n on. dir.ct~~ .. "'hich 

rediat.s .1.~trC&&~ptic energy tn • mannec wim4iar to that of 

a tran_ittinCj &r.tenn.&. This radiation c.;>natH ut.a the f lest 

part of the charact~ristic .ignal of the explolli.;m (Ref. 6-2). 

The Coap~on .lact~ona _lao produce large nwabec& 

of olectron ion p.i[~ •• they .ove throu~h t~e alC. Under the 

inten •• r&di .. l elact:ic fleld produced t-y th·~ sep.acat ion of 

po.it.i •• and De9Ati\'e charg •• , the el.ctron. an~ driver. baek 

toward. the d.tonation point producinq a aeconJ current pula. 

aoo _lnetic 11.t1d. ....ft.r t.M •• initidl IDOtlOrlS, the field. 

decay in • co .. ..p11c.ted fa.hion prOt'ucinq intftllse If4Agnetlc and 

electric fi.:,d., Th. highly ioniae4 g •• (or ['lasma) .uc'oundio9 

the 4eton.tion point und.rgoe. oacillatlon. which damp out in a 

abort t.iae, but. while they l •• t, they alao pnxl,;ce ":'ectl'o-

.. gnatic vave. in th~ redio frequancy ranqe. 

The .udd.n •• "aration of t\110 unl ike chanlcs alao 

C% ,at •• force fielda, el~ctr~g~etic in nature. which can affect 

the poaition. of other charq~.. This diaturtance prol~gate. 

away frOll thtl di.placed char.'q",. 4t the speed of llght und can 

aff_ct the position. of otheL chdcg.s at qreat dlstance •. 

The •• field. '"hieh ar. not r.pidly &ttenuateO ore t.eclI\.;:d the 

ra4iatttd li.ld.. The .. electrOlMgnetlc t: ,Ids can CAuse char ;er. 

t..:;) flow if' vr...r':l distant C')Muctocs .uch as Slet4111'~ structures. 

antenna., or electric.l wiring. 

Wit.hin the .0;Jrce reqioll, the e~ectri" aaci. _gnoatic 

field di.tribution i •• ul1ll<lr to that in the nel;hLOrhoo.:1 of an 

AU br06dca.t antenna. As the fields .'i •• 4nd decay. cad:..ation 

occur. vhich ia capable of propagating energy over grOAt diS

ta~... At diatances of about 6 lI\il.s (10 km) or r.ore. the hlaher 

fr4lqu.ncy (:oIIlponenta are attenua~.ed lItuch eore r.tpldlj than ':.hc 
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lower one. beean •• of radiation .and prOp4l9Ati.or\ ::haracterl.tic •• 

'&1..... a "'id •• pectrua of wave.ll.apes N)(! &alpll tudes. can be ar.tl

c1pated d .. ~ndij1'; on the loc.' ion f)f the d.to~tlon, the Yleld 

IJf the wreapon. and the locauon of the installation (Ref. 6-6). 

When .. detonation occtra out.8~de the earth' .. 

atao.pher., i .•.• a hiq~-altitud. burst, ~~. field-dlsplaceaent 

-.chAni .. can cre~te an .l.ctr~9netic pulae. l:nmediately 

.fter detonati.Qn, the hot ",eapon debria '. e~aent141ly a 

highly iOllized vapor "'hich i. expaooinq t:"apidly creat.ing .. 

source region f)f high.field intenaity which is more pancake 

than hemiapherical 1n shape (Fiq. 6-S,. The interaction of 

this vapor with the earth's qeoaAgnetic field c.uses a violent 

distortion of the latter, and the disturbance propagate. away 

fraa the aourc. re<jiOft as a hydrOla&gneti.:: wave. This re.·lltin~ 

EKP field can appear over a substantial portion of the earth 

becau •• of the 1reat heiqht of the 801.l.CC. r.gion. The a.:tl.l.tl 

AllPUtude and ",av. shape ia highly dependent lltJOn the height 

and yiold of tne weapon as well a. the geomagnetic !~eld inten

aity and direction in the upper at.ospbere. 

It ia porbable that th~ field-di~p13ceuent me
chan1" aAJ alao operate to produce an ~ signa: from an und9r

ground burst. In this case, the expanaion ot the debris ie 

liaited to a few yards by the contai~ent of the earth overburden. 

thus producing only a,.11 ai9na18 d~tectabla at short ranges. 

6.3.2 Predict.~n Techniques 

Much of the Infor~~tion ~rtainin'] ~0 pr~ictlon 

of EMP field strengths is c1aasified. Ref@cence 6-7 presents 

procedures and curves for pred~ction of electric and magnetic 

fi.ld :tr~n9th~ and should be consulted ~~en morl~ than prelim

inary .stimates are required. The follOWing discusslon is taken 

pr~rily from Ref. 6-6. 

The fielJa productld by a single hlqh-altit'lde 

d~tonation can h~ve ~on.iderabl~ varlation in amplltuue, t~ 

368 

'It; ..... " 



~.dI'W-t .• !' .• 'VI''''''''''' o;IfO ... ,_ •• ." .. _ .. ~~., ~ c"'·· ___ ~ .. _. 

4epu-'ence u..l ,,'rection. dependil'l9 upon yield, height of burst, 

10Cl£t101l of the obaen-ec and orientation with re.pec" to the 
~gnetic field. The prediction of the 8MP field .tr~ngth at 

• gL .... dhtance frca a given yield i. COIa{-l .. and not aar..anable 
to su.ple techniques. Reference 6-6 4eecribes a typical fJeld 
envi~nt which i. defined tu be clo .. to a wor.t ca •• without 
i:leinq UlO far fcc. the a,,-.rag_. Figure 6-6 (frca Ret. 6-6' 

abous the el~tric fiald strength near the ~roun4 a. a f~QCtion 

of tu. for thJ. typicaJ enviroMlellt. One qra:s>h .uffiee. for 
both the electric aDd "'1M-tic field. beeau ... a •• free-apace 
plane ~~ve. ~ ratio of elec~ric and aagnetic field .trength 
i. eonaunt. Direc\_ion of the field. i. arbitrary, except that 

the electric flald, E, .u.t be per~icular to the .. qn~tic 
field. The r.ason for this ia that dilferent vrientationa of 
observer and ~~r.t can ~rod~~ ani polarization of the fields. 

The field a~l in Fig. 6-6 ia the incident field, 
i.e., ~hat which propaqate. tow_rd. the eart~. The reflectior 

of thia field troa the ground Buat, in general, be cons~dered 

when deteraininq t~~ total (~aaured) field at & given point. 

The t~tal field can be either l~rqer or smaller than the 
incident field depending upon polarizativn. 

The field given in Fig. 6-6 haa an analytic 

repre_ntation in teras of exponential.. The incident elactlie 

fi.ld, Iti • i. '~iY.n by 

Silt, - Eo ,.-.t _ .-at _ A (.-yt _ .-~t)) (6-6) 

where 

t • tt.e in se~nds 

& _ 1.5 x ~06 .ee-l 

8 • 2.6 x 10' .ec-l 

y _ 2.0 x 105 aec-l 

6 - 5.0 x 105 see-l 
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-1 -1 a - a 
'1-1 .• ,-1 A 

E • 5 x 104/0.'646 ·~lt./ .. t.~ o 

The fi.ld. cOIIpriail\9 the DCI' induc. C1,' tlIlte in 
conductora in pNci .. ly the ...e f •• hion •• any ell1Ctro.avn.tic 
rield. 0.9., radio •• vea. However, bec.uee EMP i •• pul •••• 
.i~l. frequency CL"\nOt be a.crihed to it, in contra.t to cadio 
way... The enerqy oc'llltent at diff.r .... t frequ.nci.a can be 

atudied Yi~ the Fouri.~ tranafor •• which for £i(~) d.fined by 
£q 6-6 1 .. d. to the (,,"'etion £i (w) 

«I () .. 3J __ l __ ~ ___ A_ 
i W /1il& • 1w 8 + 1w y. 1", -G~] (6-7) 

.~re '" i. the frequency of the radiation fl.1d. 

The ener9Y cont~nt 1. then proportional to the 

enervy apec~ral d.n.1ty or the .quare of Ei(w). The power 
apectrua i. presented in F19. 6-1, noraaliaed to the F~ak value 

of 0.075 YOlt.l .. ter-H.r~. which occur •• t "'0 • 700 kUa. The 
occSi,..te is in oecibel. 

f 21 (El (w') 
d8· 10 109 I " 

l··Ei(wo " J 
(6-8) 

Ieee" •• t:_ spectr~ ext •. nda fro. a few Bert. up 
to uveral hundred lUI. (d~pendln9 on how the cutnff <l)()int b 

defined), ZMP i. difficvlt to filt.r and can affect circuit. 
re80nant at a wide range o~ fcequeneie.. It i. noted th4t the 

energy don.ity P'9Aka in the bro-sc.l'~ band. and .y.n al. 1.5 MHa. 
ie down only about 15 dB. .hi. fact indicate. that ENP .hou~d 
~upl. vell into broade.~t antenna. anG pea. without aignificant 
.It:t.<tnuation thro<l1Jh trar. .. l tt.r-tl..>>ed c ircul. ta. 

It ahould be ~haalaed that £q. '-6 ia only 
'It .'lic.t>l.e to high-.~ ti.tude detonati.0J\8. It can be algnific.ntly 
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1a ea.'~ f. DM,.p"-81U'face .-rata. ..t.rence '-7 .1. r~nded 

for IJl&iclance for ~ hear-nrfac. c.ue. 

P19ure '-I, f~ Ref. '-1, i. a aerle. o~ grapha 

.tiowiA9 t.be ~at1'lftaAip bet.-.en tM peak current induced in a 

Nre cuI ..... ua t~ eli.taLc. frc:. t.be bUl.t point. !'he cabl •• 

sr. aa.u.acl t:o be 1.iel rad1e~;, with reepsct ~ 9round aero. 

Al'C.llcN9h t.be elat. pertaJ.a ty.; • .oil with • COQductivit1 of 1 x 

10-] .no/~. it .9rc •• f.1r11 well with .xpertnaftta1 data 

obtaintMl 1a 8011. YIlZYiD9 trOll 10-3 
t.O 1.6" • 10-1 IIho/_tar. 

!'be radi.l 4iet:~. 9i ... ill Pi". I-I J.a the 41.tance to the 

aDd of t...e cabl. -, fn. ~ •• ro. ~ peak Clarr.nt. 

91v ... 1n Pi,. I-I c ... 1., b& conaiclered upper bound valu •• for 

in Allat:e4 cabl... POl' very .bor~ run. 6f w1re, .\aCt:. a. in 

r!.rCQ1trr .... connet:tip¥! C!~le •• the ... iaaa current •• 1.11 be 

~uced ~1 at: l ••• t a f~' of 10. 

,.. 1"II&MAl, UoDlATl<* 

6-4.1 ~ 

The ext~euely hi9h te~atQre. ir. the tireba1. 

created by ~ exploaioa of • nucl .. r weapon r.l.a. a great 

a.>unt of enerqi' in the fora of theraa1 ener91. In a typical 

air bur.t, approxilHtely one~third of the total enel'9)' yield 18 

_i1:ted frG8 the fireball a. tilenul .nerqy. 1'h1 • .-an. that 

app:od.-t.l, 4JO. 000 kilowatt-hour. are _it:ted in the fora of 

thenul .nervy for each kiloton {(.ll •• l~l~j) bf weapon yield. 

In .urface end a1: bur.t •• the th.rm.al ."er9_' ia 

.. itted in two pul.... The Ur.t pul .. , which i. quite abort and 

~~·i ... about 1 pcrceat of tha total tbenul enerer'. i a .... n

tiarly in the low ultraviolet and vi.ibl. region. The .eco~ 

pul.e. which t. -ore aignificant ancl of lonV.r duration, conai.ta 

priJuril:,.' of viaibl. and infrared radiationa, The eluratio.l of 

the ~l pul.8 lncr ..... with the yield of the •• plo.ion. 
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In a aubsurfaca bur.~. e.~~la11y all of the 

thenlal ndiat.1oD h ~rt~ld b ..... tin9 aDS _ltlDCj the eo11. 
If there ia no penetratioft off ~he .. ~th·a ~lrfac. by the fire

ball. n?r1Ml t.beD"lal r.dl.t~toft .tfK~a. al''' Ab .. nt. 
t 

Alt:bough t~ :'la.t and ahQc:k .tfect.. are the 

ca"w of .,.t. atructural 4.." .... th. rael 1'a4:i.atio.'l can coJ.tri

bute ~o the overall d .... ~. hi Mverei. "ay.. At lo::ation. r-.l.a

lively cloae to the detonation. the inten .. ~.~ pre .. nt in 

the" ..... l radiation frolli a nucl .. r burll.t can reault. 1n a dC9rada

tion of strenq'th. OVer con.ider.bIe 4ist.aACe •• co.bu.tible 

.. terials can be ignited and _xp?ae4 per.on~l .uffer akin burna 

iln4 eye 4"'ge. 

Theraal r.aiAt.ion i. attenuated by apherical 

divergence and by abao~ption and acattering In the a~aphGr~. 

In .-cidition to the type aOO yield of th ... burst. the pre .. nee of 

rain. fog, industrial h."e, cloud cove4", ~e. iotervening 

shields, etc., "ill a1ao affect. the lev-!l of thenwal r1'diaU'lU 
received at a ~it •• 

i.4.2 Prediction Technique. 

The abo',',! considerationa IMke t.he prediction of 

theraa1 radi.ti~ r~ei~~ at e giv~ distar.ce fro. an explo

sion very difficult. withOut .~y staplifyi~ a •• u.pt.ions. 

Referencell 6-1, 6-2. and 6-3 pre .. nt dat& aad procedure. for 

approximating the t~ra.l radiation fro. air bur.t •• 

Fro. Ref. 6-8 the theraal radiation froll' an ai.e 

~r.t ia. approximately ~al to 

o - 2.8 x 1<)4 T(t!r] [100: ftt 
., 2.6 x 101 T[_W 1[1')00 -12 

lOI5j~ R_ 

where 

315 

cal/ca2 

(6-9) 

joule./~2 

__ ,,,~_,",~~~~~~'f..~'~"'~~~~~',,,,~~~, ., .... ~ ..... ~ ..... ,:<M .... .,. •• '"'~., 

o • integrated tb4~1 flux 

• - alant range 

T • tra~ .. ission factor 

_ - yield in a89atons or joulea 

"'.uai.ng the tran .. ission factor to be equal to unity iinU •• ite 

vbiblUty). Fig. 6-9 is a plot of the theraal radiation received 

fro. • lH'I' .... pon a. a fWlCtion of distance froa the explosion. 

For ot~ yield we.pons! auitiply da~ from Pig. '-9 by tha 

..,..po~ yield in -.g.tons (14 51 units .ulti~ly ~y ~he ratio 

_/4.114 x 1015 j). Tran .. i •• ion factors for 10- anU SO-mil • 

(16 and 10 km) visibility are preaented in Fig_ 6-1~, The ~ata 

..y be col'1sidered ~.li4W1. up to diatanr.ea of one-holt the 

viaibility. D.ta fro. Fig. 6-9 would be ~ultipli.i by appropri

ate factor. fro. JPiq. 6-10 to corr..:t for ataoaph<n,c attenuac.ion. 

For .urface burats, the th.~l ~a~1ation along 

the earth'. s~rfac. ie leas than that at equal d18tances from An 

air burst of the ~.~ total yi~ld. This d~fferenoe ia due to the 

decreased t~.n .. itt&.~e of i~t.rv.ning lo~ air layer$. The 

th.~l exposure frOD a surface barst range. frou about tnree

quarters at aho;;;rt di"tancea t.o .bout one-hOalf at, lon·:,er distance.. 
of that at corr.spcndiD9 ~is~e. froa an air burst (Ref. 6-2). 

It aleo appears that •• a the yield of the suriac. burst increa •••• 

the r.:1iant expoaure '-ond. toward the larger l:ua ... t. Since 

Ref. 6-2 doe. not det ina ahortel: and longer cJ i.t.nce,s or layer 

y101d.. it is auggested tl-.at an average of the above factora 
be used fo~ the general case. F.~ation 6-9 then t>ecomea 

o - 1.8 x 10· TlJi][lOQ: t!:t cal/ca2 

(6-10~ 

-1.6 x 10
3 i'[io~][lOO: Illy joulea/em;! 

376 

"'." ~":,,'" i 



'! 
oQ 
f' ., .. 
'" I 
\C 

'/'. .. 
[ ~ 
... · ! • I ,. 

'" i k "5 ,"'" 'E ..., ... • c: .. .. ~ • • 
-< ~ • 

i C/I ... 
t 
~ 

r 
;, 

.Q 
.. ., . 

8 

1 () 

1Ud,.nt t:X·".AIlTO 'ttoM!noel 
:;) 

::_ iJoulee,1;tII2! 0 , r , , V' 
f"'~ " , 'I 

~., ~. 1.:.1/(3102) .. 

.1 
I .1 

~ (joulHI/CIII2 , 0.., 
II.adiilnt, Eaq:IOIIUU, Crt IN'ncf' , 

0.2 o.~ 10 50 
i , ii" 

~ 

I\--_"--. ---,---"..-...~I .....,., I..L..I"_~ 
.,' 1<',' 

fl'Jurp 6-iC 1"hermal TransrlllSlon f'~ctcr (T) VI!. Slant R<'lnqe from I::xploalon (rId, f,-ll 

III 
;-
::I .. 
J 
rr 

f 
" .. • 

0 

, 
I 
i 
I 
i 
I 
i 
'~ 

~ 



'.5 RalIKiAL..cLEAI IW)1ATIOII 

6.5.1 ~!! 

The r •• id~al nucl_~~ radiatioD i. defined .. that 
which i ... itted later than 1 ~nute fro. the i~-t~~~ of tbe 
exploaion. '!'he pri ... ry ballard froa re.idual recSiad.OD 1. due to 
t.h.- cr_tion of faUollt partie 1 •• which include the radiOACtive 
ve.pon re.icSue. ancS the induC-S activity in the 11011, vater and 
other .. teriala 1ft t.M vicirity of the axploaion. n.. .. 
particl ... can be diaper.ad over large are"'. by the wind. A. 
.-condery baaard .. y re.ult fro. D8utron-incSucecS activity 0"" 
the earth'. aurf.c8 1n the ~iat. vicinity of th. bur.t 
point. Tlwt relative contrib,,4;ion. of the {i •• ion .,lrOC!uct. aM 
induc_ radioactivity depend on weapon de$i9ll. bei9ht of buret. 
nature of the earth' •• urfac,. at tt~ bur.t point and thiJ .lap.ed 
ti .. after the explGtaion. 

It i. convenient to cor~id.r the fallout in two 
part a , early An'J >l.la1'ed. Early fallout ia defined a. that 
vili..:;~ r~urn. to earth vitbiD a period of 34 hour. following 
UUf explo.ir.nl delayed f.llo'.!t i. that retUl:1\ift9 to earth 
~fter 24 to.our.. Delayed tallO-It 1a 00 vid.ly diaper.Wi an4 
bas decayed to INch AD extent that, altbou<jh it _1' rl'preaent 
a lonq tilDe health haurd, there 1s no ~ecUate dang.r to 
per~"U'lel or equipaent. Only .arly tallout radiar.10n 18 
con.~d.red herein. 

Particl.. euch •• weapon x •• idu.. froa the fi •• ion 
prnduc,,;s and unti •• ioned uraniua ~. plutonbdl, rlSClioactive 
iaotope. formed by neutron reaction. other than fi •• ion in the 
weapon .. teriala. and ~trth .urfac. aateriala (aoil, c~k and/or 
water) are swept alott with the f~re~ll into ~~. rad~ct1ve 
Cloud. The .. Airborne particl.a a"e ualu·;.o"~ecS froa the 
explo.ion aite ~nd ev.ntually 4epo.j~.a on tb4 .. rth a. radio
active fallout. 't • .e di.tanc.a fro. the point of detonation at 
which fallout i. depo.ited aepend upon factora sucb a4 wind 
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velocity, particl. ah •• at.a.HphfJric and topogra,?hical concSi
tiona. etc. 'flo. fallout ~tteJ:n. ue u.uall!' i'l",alh,JIcS as 
el1iptJ . .-:al OOQt..our. extendlD9 ..., aile" (or ItU~,..tura) down
viad f"ua 9rOWiol aezo. 'I'M l"tenaiU .. upwind or cyoamtinlCl 
v111 M «.1y a t"8CtiOA of tho .. cIovDwind at corre.ponding 
dl.tance. f"o. 9rowwi aero. \'be ••• wtpti.OD that the structure 
~111 ~ Q~wind i. the 90et .. vere and, 1ft aany c.r~s ... y 
be too cooeervaUve. 

!be thr .. princi~l type. of ,,&diat10n of aigniti
cane. 1" faUfNt ra41ati~ are the re.idual 9-- ray., .lpha 
particle., ar.d beta particl... As ..uti/~QeQ pr"viously. alph& 
aAd beta Pftrticl .. do DOt con.titute ... riou. baaard ao lon~ 
a. they are outaicle the b04y. 

The r •• 14~1 9.... "ay. ~re tcSentical in n6ture 
to the initial ~ ray. pr.vlou.ly d.1acu • ...s. HoweV9.L·. cince 
the g .... "a1'1l are DOt era1tt..s inatarAtaneowaly. but: ".ther over 
a long period of t~i inten.iti •• &re g~erally Gea_urad in 
t.ru of • dOH rate. The do .. rate in roent9en. pel' hour 
i. co.DOnly uued ~ indicate the level or intenaity vf radio
activity in a contaainatecS area. 'l'he total c'oae r.ceivad ill 
the inteqral r,·t the dor.:.e rate OVe&' the co~re.pol'ding exposure 
tt.e. 

6.5.2 ~~..!£tJJ!rl_ TeehniSl~. 

In &4dition to tbe v.u:iable. of weapon d •• 19n, 
hei9ht of bur.t (or depth of buJ:.t). ground .urfac. condition., 
wind v.locity, a~ph.ric conditione and particle aiae, ~~a 
prediction of ~ •• idU&l redi4tion intensity i. ocmPlicated bv 
racSio.c~ive decev of the fallout oarticl... This Droce&. i& a 
deer .... in activity of any radioactive .at.rial with the 
paaa.a9. of tt.t du .. to the apontaneou ... i •• ion froe the atoaic 
nucl.i of either alpha 0" beta particl... 'I'he decay DJ::'(;'<': ••• i. 
... tiae. accoapaJl.i.ed by 9--- J.&cU .. Uon. 'I'he nst result b a 
reducticQ in tM level of radioactivity with .1.p.1td tiIM aft.r 
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U. 4etoDaU.oa. An -w¥Oa ..... ~. rule. for r;eba of cl~y 1a t..~at 

f • ...xy ........ folcl lJK:r_ .. 11'1 tiaa attez- Ulct cl.tonati.oa. , 
'~. i. a teIlfolAl clecr_ .. 1A t.be ra41atlOil clo •• r.te. 

Wi .. t.«ni4 to I'.s.ac. the 1.".1 of rll41Q8ctivity 

at a 91 ... polat:. (a ttlO way •• (1) UN aU-bon ... particl ...... 

a.1A9 .... it.4 OOI¢l~lly .-:. that tho ...... of particlt:a 

.kjlO&l~ clecl'e&IM. viUl cliaUDoe. aDd (2) cl.p'ftQ~ OA en. 
wt.ad velocity. a fiAtt. u ... i. required fol' tJw p.;Articl •• to 

be _..,.it.ecl aDd t.be ra410actiYHy \Jill decay clW'1r9 thb tt... 

It i. t.poa.ibl. ~o clevi.~ & ~ 01' v~aph to 

.~ the C)aDe.l'al ooe.::urreat .ffecta of w1D4 •. 04 I'aoloactiv. 

(~. • "f..-.nee val".. 01 wlAd velocity aDd • I'.f,u.ncfl tt.. 
for 1'~.iO&«ive brt ... ity U'Q ".ually •• tat»U.hecl and U,.itiowa 

f.1lout ra.41a\;loe iDt.eAlliti ... '. baal'A on tha .. raferance :alu,~a 

at .uic~ dowDwiDlt locatiocw ft-oe the 9iven .urfacfll burat. ara 

9~~. rlCJUft 6-11. be'- 0'1 elata froa aaf. 6-2. aheM. a t!'Pical 

c:v.ne of unit ti-. raf.ranee do .. zata for a vinci veloc:ity of 

lS MPH (2 •• 1 t./hI') ~ a lMr Ct.1' •• 101Sj) fl •• ion-yls1d .ur

face burat. rlfU~~ 6-12 abOwa icI ... iae4 wolt tt.a I'ftfarance do •• 

rat. patter .. tor t.be .... conditio.,,\.. Id.ali.eel pattel'na, auch 

.. abown ~4 r19. '-12: ar. un_ikel! due to variationa in direc

U.oa .:..4 velocity of the wind'" ~t va.rioua altitud •• and diatanc •• 

frA t.be poiAt of 4etcnatilXo. 'fbe .. ide"Uae4 cu~aa eLl. 

beNe .. r. be u..s to ~!.n rou'Jb a.tiaatea of the intansity of 

tallOQ~ ra4iatioa at a &paCified d!.tance fl'Oa Vr0un4 .ero. In 
o.rcIer to obtai.n ra41atiOll int •• it.ie. tor other yie14.. tT.ae 

""l~. oM.aiDed at vvioua dhtancea in ri90. 6"l1 and '-12 

'ibo"l.d be .ultipli*, by tM n •• ion y1ald iA .-;atona (in 81 

unl~ • .ultjply by the rAtio ~f/ •• l' •• lOl~j, wher •• f i. the 

f! •• ioD yield in jou~ •• ). ~ •• for a ~ ('.t,. x 1015 j ) yield 

~ich 1. or:e-Mlf fi •• iOh and one-~lf fuaion. the ~11tipliar i. 

oae-balf. aeferaDC8 6-2 aU99 •• t. a ltait of 10,000 roent~~nal 

bow: for tJ\a unit tt.e r.terenc. doea. ainca h1vher va1\1ea ar. 

unlikely except fol' i.alate4 poiAt.a near 91'0WDd .erO. 
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The wait t.i.ae reference do.e ratlila ... ,t\also be 

ac-aled for other wind velocit.i... If there La no wind ~'\War, 
particle. ot a 9iven ahe will reach the groland at a 41at4l,lICe 

downwiAd which 1. directly p~oport.ion~l t.o the wir~ velocit1. 

If tt.. wlad "lex-ity 1. llj aUe. p.r hour '''.2 km!hr). tM 
radioactive lIi:It.eri.al. will be 4i.tribl.1ted. ov~r rou9!l] 'I twice 

the area iAdicat.ed by I'i9. 6-12. Thu., the contour v.l:.. ... of 

the l.1~it. ti .. reference ac8e rate. 9iven in Fi9 •• 6-11 anQ 6-12 
are au1t.ip~i~ by 

15 
v 

or 24.1 
v 

where v ,.. tIM effect.ive wind velacit!' 1Jl aile. pGl !'>our (or 

m/t.r), and the dow. Wind cii.tance. to .acb contour Ace aultiplied 
by 

v 
IS or v 

2T.T 

For an .ffective wind velocity of 30 aile. per hour (48:2 ~hr). 

the con~ou~ _~lu •• wouid be halved and the di.tance~ couDl~. 

Ybe above .calinq ~rocedure qivea rea60n~ly qood result. for 

surface bursts over the ran9. frOM lOOkT to l~kT (4.184 x 1014 j 

to 4.i84 x 1016 j). 

The .1nit ti:ae referenett do.e rate. can be converted 
to true value. at the t~ o~ arrival of the fallout by use of 

riq. 6-11. In order to u.e l'i9. 6-13, it i. neces»a.1:}' t\J c&leu

late the tiae required for Ube fallout to reach the point cf 
intere.t. This etapsed tiae i. obtained by dividing the distance 

trOll qrot.md a:ero ~y the effect.ive wind velocity. With this tu.e 
att.er the 4etonation e.t.bli.h~, the ratio of dose rate at 
t~ of arrival to ~nit ti_ do •• rate can be obtalnild frQlll 

rlV. 6-13. Alternately, Fiq. 6-14 can be u.ad to deteraine the 
tot.al aCCUDUlated radiation d08. received over a period of 

ti .. after the detonation. 
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aefueoce '-2 1Jt...~IYile. ed41Uou.l p1daDce 1''

.. r1linc) t.he pc8ClleU-OIl of fal1CN~ n41.UOIl iateo.IU •• ~ 

abould be COIUlulte4 fol' Ot.Ma.' than the ablple c .... cor.;,!.~erecl 
_r.in. 

,., aADIATIo. SBltiLDIUG 

'.'.1 InU'cducdoa 

ShieldlD9 .. aeitI,. ~Dt~ or peraonn.l f~a. 

the veriOWI f~ of r':iatioca .... vlting frOll a nuclttar d.tona~ 

t100 ia • CClIIpl.x proo;;.e. 4apeDd1A9 on .... y ""artabl... ~var. 

it olum bappMi. that vhaft th • .oat critical. probl_ 18 taJt.n 

care: of. the other •• r •• leo reaolved. POI IIOJIe fo~ of r.d1.

tiv~, the type of mater1.1 1n the &h •• ld i • .o.t .i9Qificant 

~. to ,)ther., the total,.. •• of .. teri.l i. of 9r •• u~t 

iaIporta,"" 'I'ba followi.ncj pA':'.9rapn. pr.eent a ,eAeral ~1acu.-

don t)f the .bIeld1nq probl_ with __ CJUI4ance for aakirl9 t'ough 

~.timatea of requirementa. Plnal d •• 1gn of redIat.loa ahl.1din9 

requir.s • detail8Cl &naly.i. of the radiatiQD environ.ent, the 
.y.t_ to ~ protected and the .tructur. aurrOUl)cUr..t9 the ay.ttta. 

ea-. ther.al ancI X radiatloca. .. ... 11 a. 

neutron •• will all depo.it energy ln .hi.ldlng or otbar .. tarial. 

in tbe procv •• of beirt9 a.b~rbecl or att.nuated. The b!portance 

of Uia depo.lti')n of .nergy depend. on the enu91 1 ••• 1 of the 
r-,.siation. it. lntan.ity aoo pl'opartie. of t.be _tar1el in 

vhiC<l the erwtr91 1a deposit8Cl. The higher the energy l."el, 

to'W greater the dt.tance requ.~"e4 to abllOrb or· att.IlWlu the 

".cu.ation. Tbu •• for a given total flux, the radiation. lit 

lower energy level. will qanerat. hlgh.r deposition. of .nergy 

per unit vol .... of .. t.rial than tho .... t higMr en.r91 l.vel •. 

Thi. deposition of .nern- eau ••• heating of t.M .. teri.l and 

can e.u.e .. lting •• ~.lling or blowoff of .. teri.l. 
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I radiation i. 1n gen.r.l 1.&. penetr.ting tban 

, ..... eo it 18 .ore Ukel) t.I) ea. depo.ite6 in a thin layer 

ne.r t.he .vface of t.be ab1eld. On the ~ '-.har band < it w111 aleo 

be .tterwat.ecl .u:. r.pidly by the -.rUt'. &t:JIoeplillra. .eutrone 

cover • f.irly wide r&Dge 1D eoor9} , l.~l. and corr •• pohd1ng 

4epthe of per .tr.tion. 'lberaal ra41.Uom anergy will ~nNlly 

be depo.it.d 10 • very thin l.yer near the aurface, 

6.6.2 Gusa Shielding 

Bh1elcUng aga1n.t inibal , .... radiation an4 

fallout will be 4iacuaaa4 toqet.her. although they ~iff.r signifi

cantly in anergy l.v.l. aadlatlon ea1tt.a durinq the first 

alnuta aftar s nucl .. r 4etonation ho. a hi9~er en .. rqy l.vel ,...cl 

preaant. a acr. 4ifficult .hi.14ing probl ... 

A fairly aeC\lrata .s\;1aat. can be lllA4e of the 

effectlvuna •• of a ahield betwe.n • 9 .... lIOurce and the targ.t 

by proper conaid •• atioQ of the en.r91 di.tribution of ~ 9-

rad1at1on, it. An9le of incidenca, properti •• of th~ shieldiog 

.. tarlal., the ,---try ot t.he abi.ld. and the 9U41Wl aourCfIl. " 

co.plicating t.ctor i. the f.ct. that •• lthough 9~ ~Lotona 

trav.l in .trai,ht lin~. in a vacuu.. they are .c~ttered in 

pa ... ge throU9ft the .~.pher. or shielding .. terial. and can 
arrive frOt. randoa direct.iona. Thi. l.tt.r phenOllleoon t ... an 

t.pQrtant bearing on .~ .hi.141n9 probl... and it i. not 

.ufficient to .. rely place a barrier between the 9 .... »jure. 

.nd the t&.l"9.t. l.lthough an aceur .. ~v G.hrnain..:::.<>n of a 

ahi.ld " •• ffect.1.vena •• i. a CClIIplex probl_ involvl.n9 IUny 

f.ctor. lIIhic:h".r:y witb 1ncSivi4",al al tuation •• it i .. p-:>asible 

to provide rC'A.lgh In4ic.tor. of the de<Jr .. (f .ttenUAtion of 

g~' r~iation provided by a given amount of ahieldinq. 

G .... ray •• r. attenuated to some ext~\t In the 

cour-e of their pa •• age throu9h ~ny &At.ri~l. As & rouqh rQle. 
it .. y be •• id th.t the d.er •••• in gamma radiat~on int~n.ity 

i. ~.pend.nt on the total ~a. of th~ ~terial placed bet~en 
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• \0 

I 

Material Den.ity(O) 

Ib/ft' ! kg/. 3 

Stee! HO 7849 

Concrete 144 2JO" 

Earth 100 1602 

l;~::" 
1000 

I 54'5 

10-..c Fi •• ion 1 roduct 

Ten;;'h-Value 
Thickness(T) o x T 

in CftI 1b/ft2 

3.7 9.4 150 

t2 31 145 

18 46 150 

26 66 1.>'5 

50 121 140 

111 trOCJen CApture 

Tenth-Value I 

'l'hickne .. ('l') o x 'I' 

).9/.2 in CIII Ib/ft:2 q/.2 

' .. 12 5.3 13.5 215 1050 

70. 11 46 215 1050 

732 26 66 215 1050 

fiS9 31 94 190 928 

II 
1
178 684 II 70 200 .77 

II 
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!lea'. of "Mi.Uon illpir.9ing on • t"lick plane .hJeltl wlth very 

lU9. di1llena.i.ona in the plNUt .;)f the ah, :'eld a"4 wi ,-h no nearby 

c.',11ng, floor or wail. frOll wh: :h radi4'ti'Jln can .cotter. They 

ca.1 be uaed t.\) obtain rou9h •• t1&1t •• of tl .. ef"e.:t.\w,me8. ot 

~tber abi.eld11\9 confi.9<U'lltion.. , .. ', 
'''II' • 

F19ure 6-16, also fro. Ref. 6-9~ pr~~~nt. dORe-

trau .. i.alon factor. for the lower enerqy re.idual 9iU<lI:.4 radla

t1on. 'l'h$ .. fact'!r. are aubject to t.he .uaIDe condl.ticna a. for 

.t1g. 6-15. Note the significant differt!nce in requaoo thlckne.a 

for the .... att~nua~ion of tho two ttpe. of 9ammA rad1atiJn. 

Reference 6-8 provide. ~uldance regc1lrdiflg »!re 

ac...::urat. procedures for d"!terzin., :.ion uf residual racilation 

ahielding requiremunts • 

6.6.3 Neutron Shielding 

Neutron ahielding i. a d1fferent. arK .ilore 

difficult, prcbl'Ul thAn CJa.r.a radlation shi.elding. As in the 

ca •• 0:' g .... radl.1tion, t~ (tffective.,es6 of the shleldin1 

.. terial i. deper:dent on the enerqy level of the neutrons. 

Nel1trona arn also aeatt,.red in pas.age U',rou9n tt.E' a;:..nospher,~ 

and ahl.eldin9 l1Iaterials, so shieldin;l sho..lld be p~ov lde', 1n all 

direction.. Althouqh hea")' 11K tal •• such •• iroll and Ie.d. aake 

qood g .... ray ahielda bee Ja. of t~elt hl.qh density, they 

should lJ8 combined with oth6:r lK)t'e effectlve l&aturidls for 

neutron "enuation. 

The .lttoflluation of n.utrnns f1'Olli nucle.n detona

tion. iO\;..))"05 aaveral f·henOLlOnd. First, the vcry fas\. oltutrons 

au.t be slowed down to the lKlder.\tely fast range, ThlS requIres 

An inela.tic acatterin~ aatertal sueh 48 one ~onta:nlng barium 

or iron. The moderately fast neutrons 3re then d{:cele:::-ated 

into . he slow range by me&not of an element of low at ')tnlC number. 

Water is v~n'y •• tls!actory for this p\.lr~se tIIinee it consi£tfl 

of hydroqen.nd o"",ygen, both havinq low atomic wt.'ights, The 

alow !thermal) neutron~ must then ~ aosvrbed. Th1S is not a 

3~": 
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difficult probl ••• ince the hy<hoqen in water will serve the 

purpose. Un:crtuJWlltf<oly. -.oat nt!utron-cap\..u!f' c'eact.ioTl!" are 

.~nied by t.he eai •• ion of gamma rays, and sufficIent. 

q.,... .ttenuatinq .. terial must. also be pr.Jvlded to minillu%e 

the .. ac"pe of c.pture 9&11l11W1 raye fcos tt.e shleld. 

Concrete or d.amp eart.h represents d fair compco

ai&e for 9~ and neutron ahielrtinq. Although these two 

.. teri.l. do not normally contain t:.:.gh atomlc wel<:l~t el<f_nts, 

they do contain a fairly large Fercentaqe of hydro':en and 

oxygen to slow dc~ .nd capt.ure neutrons, as well as calclJm. 

silicor. "nd o·;yge •. to absott' the gallll\ radli.lt l .. )nS. A thIckness 

of 10 inch •• (25.4 em' of concrete will decrease the inte~rated 

neutron flux by a factor of about 10. t:-iIlIP <!.uth acts in a 

s1ail.r .... lntor • .although .. bout 15 inches (38.1 ell; ~uld be 

require(\ to Obtain the same deccl~.ase in inteGrated neutron flux. 

A de-creasp. in the requlred ti1L:kness of concr-E'te 

c.an be obtair~ bi adding a considerable po. "lO~ of iron oce 

t.o the mix and ;.ncluding .. _11 pieces of iron or stee'. The 

:1linecal bacytcs, a c<:lfl\iX>und of bari.um. is an dltt,rnatt" addtt,ive. 

The .addition of ... heae ~eavy eleaents i.proves th( neutron and 

9--- ahielding properL.ea of the concc··t~ an.! a,""H.it 7 incltea 

(17.1 CRI) of thia concrete wid provl~; a Ceductlon in the 

int~9r .. ted neutron flux by .. factor of 'I. 

6.6.4 X R.y Shieldlrl'l 

Aa not~1 in pr~c&lin9 r~taqr3yhti. X ray radiation 

ia very silllill'r to g4llVl'.1 radiation. Foc thl'S reason, it il" 

suggested that the guidanc~ pCLv:ded 1n parauldph 6.6.2 regard1ng 

the shielding eff'!ctiveness of VtlriCU8 mHer13.<S for qamma 

radiation also be applied to X nly r.ldlation. rhus, the tenth

v.lue thIcknc~se. in Table 6-2 and dus~-tran~mIhs.cn factors 

frOID Figs. 6-15 ar:(' 6-16 C'.n .. lsC' be appl.ied to X cay radlatlon 

iahieldinq. 

JCj4 



6.6.5 DP ShieldiM 
'!'be followincJ diacu .. lon cf DtP ableWi", h ' __ ken 

pra...rHy froe Itef. 6-6. which contAina .... y pr.ctical reco.wn

dati-rna for raducinq the effect. of 1KP OD electrical q.t .... 

.. !erance 6-1 .lao inelud.a ,cocedur.a and criteria for protec

tion of ar.t ... fr~ EMP .ffect.. It i. curr~ntlr Qn4er r.vi

sion and ... ch of the d.ta pr ..... ted in the .JUDe U6S edltior. 

18 .ubj.:::t to cbanqe. 

fte vol "9. aN! current lNCge. ID4aced by EMP 

h.ld. Are attenWitecS prilurUy by two technique.r (1) ".nec

, io~ of tb. iacld.nt field. froe the abielded envelope 

l,rotectiD9 the are., .nd (2) IJXporlen-.:ial abal)rption of the 

reai4W1l curt.nU i~ucod 1D the .hieldiDC). 

~r •• re two typea of field. vbicb .. y require 

• \.tenWition before reachin9 critical cc.ponut.. The first 

occur. at clo..-in ranges ... re the I&Ilgnetic fi.lC predcain.te •• 

giVl.Rg rise to a low-impedance fie i.d. 1'1 .. aecond 18 the radiated 

tiel.i, whicb etla.nAt.ea frca • eliatant aurface bur.t or a high

altltude lar.~. 

Sb ... ldinq 894iAat • pule., _petic field ia 

•••• ntially the ~ problea as ,bielding a9.i~t any "9n.tic 

fi.ld. It involv •• botta lI'CatteJ'in9 of the _9ftetic flux .way 

frca al:· •• • to be protectf'ld .nd ,U.flipation of the _9netic 

field eiergy. MAx1aua protect jon frca low-iaped.ne., high

intenait.y magnetic fi.lda of l~ frequency ia obt.ined through 

ab8Orption of the wavv: on.rgy in passing throu~h ~~ ahield 

.. taral. Fur optiD'" .. gnetic field ab8OrptiOft •• high

permeability ateel 9,ivs. beat r •• c:ts. 

Pro~ection froe the hivb-inten.ity electric fields 

is obtained prillu'Uy ~)" r.flection in. the ahi.lding surface. 

For opti~ electric field reflection, a hi9~ly conductive 

.urf.ce, auch •• coP~. giv.s ~ best reaults. 

J95 

The elfectlveae •• of the .bield if .... urad 1n 

t~ of the .ttenu.tion of ~ el.ctric or _9net1c field 

.treft9tb. It 1. dafined to be 20 t~. the log.ri~ of the 

ratio of the volta9G indllC4ICi in _ cooductiol1 loop or circuit 

without the ah1eld1n9 to that in tho .... loop or circuit with 

the .hialdinq. It i ..... urad 'n dtteib'ea (dB). Reference 0-6 

define. the ahield effectivene •• to be 

where 

.) 
'.(d8) • ~O log r: 

~ 

-1 • indu~ed volt.ge vithout ah!.lding 

&2 • inc\uced volt.ve witb shielding 

(6-11) 

The ..,unt of IMP enervy absorbed in paa.inv through. wrri.r 

dependa on th. f;::equency of the w.ve. the electricAl properU, •• 

of the barrier. and the thickness of the barri.r. Althouqb 

aaxiawl .hieldinq i. ub .... intld frca .. 8011d .. ta! shiel" • .a.e 

protection is provided by the r.inforcinv at .. l or Eeab in 

reinforced CODcr.te. To be .-oat. .ffective. th. bare ahould be 

welded .t .U joint. and iDt.r.ection. \;0 fot'" ... ny continuo>1s 

conducting path •• round the VQIWM protected. The de91'.e of 

shielding provided depends on the ai •• 4D4 ahApe of the vol~ 

protected, the di ... ter and spacing of the reinforcing .teol 

tb. conductivity and pe~&bilit) of the at .. l, and the fre

quency of the incident w.ve. 

Ref.~ence 6-6 pre .. nts curve. for .st~.tiOD of 

the ahieldin~ provided by .elected reinforcing ateel pat~.rna 

for .. v.r.l structure con fiqurat ions • These COlr'-•• are inelu4ed 

her. as Fig •• 6-17 and 6-18. Althou9h obtained tor .. at .. l 

with a conductivity of 6.5 x 10' ahc; .. ter and a permeability of 

50. the curv.a .re qood .pproxiaatlvna for oon1uctiviti~. 

ranging from • x 106 to • x lO' L~/ .. ter and relativ~ peraeabili

tie. frca 10 to 100. Th. frequency used for the CAlculation. 

",.a 10,000 Ha. A bar di ... ter of 1.692 inch.', (41. jO cal and 
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spacing cf 14 inches 05.' CIIl) on center. "a. a1ao a.s~ .. 

For other bar di~ter. and spacing, the curves 

of Fl<j$. 6-17 and 6-18 lihould be corr.cte4 by the factors qiven 

in .. iq • . 6-19. If the rooa height ill <jr.ater than 30 feet (9.l·~ 

.). use tr..e carves for .. lO-foot (9.14 a) haiCilht. If toe he~ght 

is betW't::n 1.5 and 30 feet t4.57 And 9.14 a). u .. the IS-foot 

(4.57 a; heiqht curve.. If the rOOf1llllidth faUa behN~a tlle 

J-valuea shown. uae the curve just ~e.s than the given value. 

If two layers of steel ~re provided, ~ .. an equi~~lent si~91~ 

course 8pA~in9 eqUAl to one-half of t~ actual. 

riqurea 6-lU and 6-21. froe Ref. 6-7, ~rovide 

infonwtion tor other t.ypes of .... iEold. in a cubic configuratiOf. 

Althouqh Fig. 6-20 only preaenta data for a I-foot by I-foot b) 

I-foot (2.44 • by 2.44 • by 2.4. a) ~~lcle. it can be conserva

tively applied to .arger enclosures. Figure 6-21 preaenta data 

for two structure sizes. Figure 6-22 <Jive. data on the .hield-

11'l<J provid.ed by .ails of various rest stivities. Alt.hou9h the 

Above curve. apply, to .a9 etic-field IhieldiR9, they «-u be 

conservatlvely appli.ad to electric-fi.tld attenuation. 

The most ~ffective _~a~s of shielding is to 

C<.'Ot:l.etely enclose t.M sensitive cOl',.:>tJnents if' • contil'\UOU8 

_ -'.al shIel.!. Such a Shield attemu.:;.!s the EMP by both reOec

tlon and absorption of the incident Lelds. Steel is tbe most 
frequently used _tal for the .. e shields, because it offers the 

~\l911est de<Jree of protection per unit cost for low-frequency 

aa~netic fields and can be inte9ratEJ in~o the structural de

sign. Figure 6-23 shows the shield;.n', effectiveness of vo'lrious 

thickness,,;;!; of steel plate. Care mus': be exerci~d to aV01~ 

degrading thE. shielrllng effectivene". indicated in FiC;. 6-23 by 

improper penetrations of the shield w.th cables, doors, etc. 

IIteference 6-6 provid.:-s the follewing parUal liat 

of construction pract ices which have J;'roven effectivft in re

ducinq problems of DIP interference dr:d/or dama'Je of instru..oon

tation dur~n9 nuclear tests. 

399 

L 

II 

•• 1 

.. .. 
~'G 
:.. ~ 

:. 
< 

J, 

~ . 
tL 

£~ 

,' .. ntf'r to Cente ... r S.,.C1""1. centl_t"r. 

It':~ J2 2t. )(1 )4 l8 42 .... ,~ ~4 
...4J • i .. ~ i~--r-"\~-r-r" 

.. It' 

".bou :~""""'r .00 01_te .. tor \.·v.rv~. 

At>· \:.7S0 11.'JO">~) 
• •• • 0.81' Jr> 12.122 cwol 

(' A' a. 1.000 
Do' 'I' 1.128 
L •• 10 1.270 
f' •• I' • 1.411· 

1Il4~ 1.6Q2 
• P S ... .t • .!C\7 

(2. ,,,"0 CIII.I 

{l, Rf,') <. ... ) 

(1. .l;?t. cr.) 

( ;.~~l .! 
14.1'* ,,-.1 
(S _ 7' J CO") 

,''''fit." tl; \.'l'nt.·c l~.tr ,"""d~·ln .. ~. I!' h~ 

f'llurc b-l'l De<:1 la,'l COI-rcctlon Cur .... es for V.J[ l()U~' Reb ...... 
Dl.:lmC't\.'r!i .'Ind Sp.sc 1 rq!iO l'Sl04 S 1 (1,,1 c-('our!'<' Il., IJJY 

Construction (R~t. ~-b) 

400 

-,' ,~,~",.I:-'h<-~'J~~~{ 

c: 



'Jf} 

SC\ 

II. 40 
" 
f 

",. 
'r' 

~ JO 

I! 
'I. 

20 

10 

0 

.., 
~ 
s:; ... 
I:l 

tr 
I 
tv 

-:I: 
-110 
o..c 
I ;:, 

:z" ... ,. ..... 
t'l 

(') 
0111 
'tI':r 
'tI .. 

" II ... ... -
~ 0 III .. 

" ::r:;, 
,..0 

" ,.~ ... ., 
:;, (' 
.0 < 
-0. 
- '. ;ti:l. 
Il 
.... t;r 

'< 

~(') 
I C 
...tt;r 

-; 
til 
:;, 
t\ 

0-• c; .. • • 

,..--------.-,.....------ --',--
-tr ... tl:r.1 fIUIt,.rl.tle tOt turv(·. ~ 

I In 0."4 ..... l uwr If> In (40.f., CIIIl on center., lind. weld"d ~' 
b· 1.',,,U.', In (1.27. L~7 ,1111 ste,,1 _"h, O.Ofl In (r../OJ <'1111 wsr •• 

)0 I nu 110 ld,.r.-d " 
._ ". b "XCI'lft () .)to In (0,1'>1 --.1 nlJ-,,,,r wtu 

Ii - 0.0: In ( OJ" .'11>, cth ... t "'I-I •• r, JOInts ardder.-d 
.lSi 1 ,,'loX "Jt JOInt" l"~,t ftH'ld .... <! ~'V ... 'rv f.}tl (If).1 

- .'.'" •• f' fOx·rpt "loOt ... ld"d ,·'tory 1 J : r. (}O " c1ll I 

f 
[ 

l 
0 0.1 1.0 10 

f'lqure 6-20 M.9netie Shieldinq Provid.c1 by Vanous Mat.dais in an ••• " .. 
foot (2.44 x 2. 44 x 2.44 meter) Ene losure I Ref. 6-7) 

",h It'ldl nq, de 

I" 1'. ~ ~ 8 :::> 0 0 

-

.., 
j 
i 
z 0 r; 

-< 

:r: .. 

8 

~ 



.. 
o 
w 

.. 
0 ... 

120 

110 

100 

£ 
0:: 

~ 
(; 
> 

... 

l 
:z 

.. , 
! 

o.,~--------~~ ________ ~ ______ __ 

c •• 4 ". ~ SOil "" ... tivlty_-+ ____ .,...~~ 

f; 11.1 

n.2~------·---~---------~~---------

0.1 

o~~~~.= ____ ~=-~ __ -u 
C.OI 0.1 1.0 10 100 '1000 

fl'eqUl':ftCy. M_ 

'iqure 6-22 fltaqnetlc Shieldift9 Etff'ctivenel' Provided by Vario ... 
~nll~ (R~t. 6-7: 

Plane ..... 



--

teolat. ~ by ~.inc; internal .otor-

generator .o~c •• and PUttin9 1:9htnin9 arr •• t.ra 
on 11n6 •• 

2. 

3. 

?\It wire. in boxed, 'irounded conduit •• 

U" a 9I":)uMocl .creen OVa%' &ir-condl-

tionin9 OQtl.~a where they enter abi&lded .re •• and 

9round .11 duct •• 

,. Tie the .toel reinforcin9 barB in conerete 

into the ahleldlng and 'lrounding ar.t •• , •• peeially 
if \t i. ~ack-velQed. 

~ . C-M the larve.t rat..."4 availabl. 
lightning arr.rt~r. or pvwer .tat~~n tran.for .. ra. 

UM .,re .loping devic .. to lower .rr ..... .er Lreak

down volta'le. 

6. Provide q •• 'l.P. on telephone line. witn 
lov-t..pedance -;-ounda. 

7. Ground c&bl. out~T' ahi,ald .... J aaJte the. 

COllt inaou~1 "'pl: cera often do nl>t ~14er the 

• h.lElding. 

•• Enllllr. that aignal C4lble ahi 814 •• r. 

well qrounded .t. their point. of emtry. Larg. 

t.ran.ient- lnaide ac~-.r.ed roc~a ~ve been traced 
to ~rly qrounded coaxial .h~.ldli. 

j. Iklry power "lad slqnal ,~.ble. ill ferrous 

cor..iuit .4 dHply .a ~. econc.iC,llly f~aa1ble 

(~ .... ter than 3 f .. ~. or 1 ai to ::educe current 

.urqes and slope-ioA·ICed wave fro>nta. 

1;). Tie water i"ipe_ and other entries into 

the groundin9 _:rst ... 

11. EqIJip b-lth antor~ •• ar",1 input lead. which 

cannot be directly 9rcunded with li'lhtning ar~.at.ra 

4(15 

or p~.ctor.. ..luna (a balancing d~vice which 

provid ••• balanced tr.ni1for .... tion between balanced 

and ~nbalanced portion. of ." electronic aYlltelfJ •• 

'.9., between.n antenna and 4 tr.n .. i •• lon line), 

wh.re inatall6J. n.~ to be awlf-h.aling. 

1.'. Educate perlJOnn.l in protection practices 
eo th"t, for eXAlllpI., ext.nalon col'ds on outside 

. lu?~ ..... not run into .hi.ldl":d I:.r.a~\. 

:'3. A\topt protection .... 'u •• to fit requ~rt!

.. nta ~f p.rticulQr area •• 

14. When. balanced pair lead i. tied loto a 

coax c .. ! c.able through a utching balun. do nnt 

inter~~pt the .hielding provide~ by the outer co

uial con"lICtor. It. grounded copper plate ~chall

lc.lly cT.~~ to the coax c.bl~ ahield ha. been 

u.ed effectively. 

IS. Ground and tie tugether elect::cally all 

aeeMingly none ••• ntial conductors, such as elevator 

c4bles ... t.l air~ucts. and equlpMent cabinets . 

16. Becallae exiau.nq 9rou~s are often hi.gh 

t.pul .. impedancu, provide .. cc 'lnt.erpoL. at eden 

protector location. Note that counterpol.se '-!clufre

.. nt_ vill vary w~th geographi.c loc<lU.on sirce earth 

conducc;ivit'· varAes greatly ~rou plate to pl<:>.:E<. 

S.,eral couno;erpol.se ground. away be 1 .. ;;C' \red at any 

one ait.e. 

17. .:..nsure that the "tntiro conduit SYlitelli is 

well grounded. 

18. Avoid UIV' of noneondu(:ting lubr iean+- s 

vh6n f •• te'1ing conduit pipes toqellililr. 

19, Ensure'that electrical. contact exista 

between condu it and terminal bo):. f'req\umt 1 y, the 
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~~ui~ ia pushed against the box but i~sulated f~ 

i ~ ilY paint. 

20. InstalL a grounding strap fro. terainel 

box to door of box fo" hinged door •• 

21. Spec1fy EMP te.ting of the co.pleted in

stallation with appropriate siauletloft deVice. to 

provide uaur.nc;,) IJf adequate protecticn. 

21. Either use adequate sur~~oter.tion on 

oU-fU':"ed tranafor.era and other high-voltage gear 
to pre~~ explosiona, or ua~ dry tranato~r. (oj1-

r'lle<' t"'allat'ormers CD explode an.! .pr.~ burning 

oil ~ \ ~. :',,~.nsfor.ers only burn) inside the shielded 
enclosure. 

23. Provije surge protection for ~rgency 
power e~uipaent. 

24. Use lightr.ing protect:~n techniques on 
all aboveground lines. 

25. If power equip.ent supplies several aitea, 

install lower value f~aes at .ne eq"ipaent end rather 
than the power end of a aystam. 

26. Use circuit breakers rather than fuses. 
ai.1C~ breakers ~an be set .ure closely and reset 

IIIOre quickly. Check fuse •• where provided, periodi
call, !or deterioriation. 

27. 00 no". cae slOw-blow or delay fuses or 
breakers. 

~a. Deaign breakers (~here feaaible) tn take 

no IIIOre than the largest expected load. 

29. Provide auta.atic elasing doors in prefer

ence to MeChanica' cloaur •• and recessed fita for 
bhielded room doors. 
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30. Store spare p&r~s in a dehuai~i;led area 

il they ar. to be uaed in dehwai.Ufied 6~eas. 

31. Afvly volt.ages aero •• screfr"led inlet 

a" ... to locate poor electrical cxmt4ct POUlt:;. be
~w.en the sere .. ", and _ting .urface. This ..,ill 

often purn out the trouble spots. 

32. Put single-I'ha .. protectic::l on each 

pha .. or three-pha" powe" syst .... 

3:. Use pasaive lov-pa .. a t.-C radio inter·' 
ference filtera on aignal. control and l.6t(·phone 

lines to provide .loping of puIs.: wave fto·nts. 

34. Th~ EMP fields in the corneta of a 

shielded atlucture are uau •. dy higt,er ti.an in 

other ,arto of the structure, so corner areas 

shoul~ be avoi~dd or used with caution. 

35. Ensure thAt exposed, nonahielded, jntra
systea w~ring. conforms to a tree or radial wiring 

act-.... Include all cableo. power, aignal, a.m4 

qround in this sc~. 

Careful design and adequate quality control during construction 

if> very iJDportant in EMP protection. En.we that operatior. of 

the systea pre •• rves EMP ~rotection. 

6.6.6 Then.al ShiGld~n9 

Any solid, opaque saterial het:wee!l a given point 

ar.ci che fil >ball will act aa a shield .,nd provi!Je protection frOftl 

theraal radiation. ~i. preau.e., of cour.e, thdt t~e therm.l 
flux ia not high enough to ~n.tantly vat-<>rize the m.tt.~l.al. As 

in the Case of other fon..a of ractiation, tberwal radiation 
undergoes scattering and can arrive from dire<"t:lons other than 

the p"Iint of detonat."n. In order to be fully effective. the 

thermal shield muat aurround the tar7et. 
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MOat atructural ~teria1a will provide .a.quate 

ther.al radiati~ protection ~ Jereonnel and tquiPGent. How

ever. IIOIIIe .. te ri_la lIUly iqnl te or vApor he it too auch of the 

inc~dent thenloa .. rud;ation ia 6~.O.c"Ad. Hi9hl'1 reflective 

.... t:~riala .. ke bette, thermal rAciatJ.'.lD at.~elda, aince they do 

not _baorb lIIUcb of the in\' ld<e:i~ rolldiation. 

Within the fireball, a IIOtructure would be exposed 

to t ... peraturea on the order (,f ten. of thou .. ..s.. of d8CJrees. 

Ther .. l protection in this environment is a very difficult 

proble.a and generalized .oolutiona art! not appropriate. 

Conatruction .. terial. have been obatlrV-S to aurvive in varyi"-l 

de<Jreea within thia re<)ion, and reinforced concrete appear. 

to cffer v¥ry significant reaiatance to ther.al rAdiAti~n. 

6.7 PERMISSI8LE RADI.,\TION Lr~.a.s 

6.7.1 Geperal 

Bxpoaure ~o the vaziou. type. of ra4iat.lon fr01l', 

nucl=ar. ~ap~n. can C4~ae inju~i to living organi ... and t.he 

aalfunction of electronic eaui~nt. The exact aaxiaua doaage 

to which personnel aay be expoae~ ia a rather Arbitrary figure 

~at eatablished by executive deci.iun for the apecific aiasion 

And circuastance. The dealgner or a.lalyat, once given this 

liaiting doaag. and knowir.g the desi'!n ve4lpon potraaeters. can 

then undertake the det~rain.tion cf sh1.elding requir ___ nta. 

The .. tfacta of the va:~iou. types of radiation on 

perllOn:.-.el have beL, fairly VIllI •• t&;,lillhed. Untortu~tely, the 

..... i. not true for equipme1..t .. 'lCS a.1Ch of the data that are 

availAble are claa.ified. Thf info~tion pre.ented in the 

lo1lovinq paragraphs ~aa collected fraa various source., but 

onl:.' the uncla •• ified por-..ion. are presentt"d here. Wherever 

poI5.ible, the .curc. of additional claSSified info~tion vill 

be identified. The discus.ion of permi •• ible radiation level~ 

for equipment i. liaited to electronic equipaent. Except where 

409 

noted. it i. alao as.uaed that the radiation i8 xccelved in a 

relat:vely ahort period of time (ll1inlJtea, except for refHdual 

radJ.ation) • 

6.7.2 Peraonnel 

a . ~ ~nd Neutro~ Radia~ion 

GAmMA and neutrcn radiation will cause 

rad: .• tion injury of the same ge-neral type, ant) th.., 

relative biological effectiyene~e (RBE) of both is 

approxilNltely 1. (RBE of neutI-ons is higtNtr ~or 

eyecatat:act !orlD4tion.) Radiai:.1.on eifeeta on bio

lDqical sy~~ems are related to the dose in rem, Por 

g4l1lllWl rl.diation 

Dose in rem" &bac-bed do!!,e in rad. 

z exposure dose in roentgens 

The conversion of neutron fluerce to abso-bed dc)se 

depend. upon the pnergy spectrl® of ~he neutrons. 

For typical neutron spectra from nuclear explosions, 

Ref. 6-1 gives 

4-4 x 108 n/cm2 1 rad (6-12) 

Reference 6-2 suq<Jests for <II typical f issLon .... >«pon 

5.5 x 108 n/c~2 ~ 1 rad 

The va Lue gi'/en by E'-I- 6-12 is used in CQnveJ:s.on of 

Eq. 6-2 to £q _ 6- 3. t'or neutrons, 

Dose in rem ~ absorbed do~c in cads 

- 2.3 x 10-9 times neutro~ fluence 

1n n/cm2 

'rhe effect of it)niz:i ng radiation on Pt'C

sonnel dep<-~nd. not only on the total alsnrlJed dose 

but also on t.ne rate of absorptIon an.; t.he t'Y~,mt of 

the body exposed. For example. if a gloup of 1)(o'I"50ns 

410 

(6-13) 



r~ceived • total body do •• of 1000 1''' within • 

period of 1 to :I day., 95 to 100 percent of til:... 
expo.ed would probably die .i thin 1 __ Its. If 

the .... tot.l body do .. vere received over • 

period of 10 to 35 ye.rs. it would probAbly not ba •• 

any noticeable external .f'.et on the .. ,ority of 

the group. The .ffect of large doe.. over ea.ll 

portiOl\I\ "2f tlw body 4ef4lQd. to a large eatent Oft 

the sensitivity of that ~tion of the body ao.e 
type. of r-Si.UGIl d .... ge are repeired by the body, 

wbi:'Q others appear to be cwllUllltLve. 

Acute radi.tion dose. .re tho.. reeetv.A 

within. rel.tively short period of tt.. (2« hour.). 

Th. gen.r.1 effect. Ol\ perllOllnel of an acute. whole

body radi.tion do .. can be .~ri.ed •• follow., 

2S-l0L!.!!! 

Single do ... in tho 1'.119. of froe 25 to 

100 r_ over the whole body "ill produc. nothing other 

tb&n bl.:;od c:hanqes. The .. chanqe. do not u.u.lly 

OCcur below thia r.D9. and are not produced conai.tently 

.t do .. s t»low SO rea. Di •• blinCj aic!'lne •• dOd. not 

OCC"lr and exposed ':'OOividuala sboule be abl.e to pro

ceed wi tll their usu.l duties. 

100-200 rea 

The illne •• frOli radiat4 0n do.e. in this 

r.nq,. doe. not pre.ent ... rit)Us probl .. 1n th&t ~.t 

pati.nt. will suffer little ~r. than diaconfort and 

hti9ue .00 other ... y hAve no .)'IIpt~ .t all. There 

NAy be ao.e MU .... and VDIIitinq on the firat d.y or ao 

f~llovift9 irradi.tion, but. sub~ently. thore i. a 

l •. ent peri~. up to 2 week. or ~re. durinC] which 

the patient b •• no di.ablin'il illne ••• nd c.n proceed 

with hi. r89Ul.r ~cupetion. The change. in the 

ch.r.cter of the b'cod. which .cco.pany radiation 
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1aj~, ~ .19ftiflc.nt dv¥iDCJI the latent period 

and p8£.iat for eo.. t~... It the~e .re no ca.p11-

cat10n. due to \)tt..r 1njur h. OJ( to :l.nfect ion. ther·n 

"ill be recovery in •• 5ent1.11) all C.H.· In ganer.l, 

the .ortllt ~e the -..rly .t~ •• of Ute rAdiation 

.1ckn .... , the 1«.ger w11l be the procell. of recovery. 

Me;uate c.re and the u.e of .ntibiotic.. .II. "1' Le 

in4icatad clinically, can 9r~tly exped~t. ca.plete 

recov .... ·'J of the IIOre Hriou. c ..... 

ill.:!2!...£!!! 
.. .. " ... "Uld VOIIitl1l9 occu. within 1 to t 

hour., in ~.;: c ..... and la.t • few houri to • !e., 

46)'.. r.ti9Ue h an '.4a.Cly ond per.istin9 .. yapt.a.. 

S)'IIpt.OIU .lillOCiated with radiation d"'ge to t-onOl 

.. rrow, iocludin9 ~rcba9u and lnfection. ()C:cur 

within 4 to 5 week •• fter expo.ur.. '1he lOlla of 

h.&ir 1a Ultely above 300 1'.... The recovery probability 

i& 9004. with the inciden,... of death varying from 0 

to .0 percWlt. 

600-1000 rea 

A -are r&pid on.et of n.u ... a~ VOMiting 

occur.. There 1, incr.aae4 .uar.>ptibility to infection 

frOil wound., t~rh. and other .... .,ion •• largel)' due to 

..ver. 10 •• of white blood cella, and • .waLked redue

t.1.on of the body'. i-.uncloric.l prace..... ')'her. ia 

a1.0 an iocre' H of heIIOrrhao;inq. Surviv.~ iI; po.aibl., 

with the incident of death incr .. sing to 10 to 100 

r_rcent within 2 .anth •• 

OVer 10':0 re. 

There i. very little chance of aurvival, 

with 911 to 100 percent of thos. expvaed dyinq "it.hin 

, day. to 2 weeks. 
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~. ~Pb! ap4 .. t. .articl.~ 

A.a DOted earli.r, the 8CNIt -.riou. "'''1:"d 
frca thue pactiel.. 18 i.DcNz'.recl if t.be7 are Ul9 •• ted 

Or inhaled. !'he'" foe ,,~ ... p&rtiel .. i. c'o .. to 

\mity. an4 for alpba p&rticlft •• it liu I:1era vuiou.ly 

reported fn. lil to 20. t'tw, pl'iAuy ba .. &ll i. .kift 

l. •• ~.oc. cauaed by the beta perticl... "l'be .. verity 

of tba.. 1.alOft. 4epea4a oa tb. c5e9r.. of beta 

cont..aainatiGe and the l-.g~ of t.ba par104 of contact 

vl~ the .kin. In ao.t c ..... the l .. i0D8 viii 

eventuell, beal and .11 yl.Jbl •• i9De wl11 diaappear. 

Even .... \1 quantity of re4ioective 

.. t.rial p&'IIIMnt vithin the body CaD cell!! coDei.der

able inj ury. 'rh. detr'·. of d"'9' d.pend. OIl the 

qu.eaU ty. bow lont it r ... in. vi thiD tbe body. eD4 

~t perta of tJt... boll' '1" apo,. ~ t.ba re4i.UOA 

f~ca the .. tf'~iel... 110 pel'lai.aibl. lavel. CaD be 

i.lven. 

c. x Rad1at1os: 

If I14equate protecticn b proyi.ded frca 

9-- aDd Ntutron r • .:SiatioD. Z rediatiOil v111 be 

no prubl_ 1AaOfar .. per.annel are concernec1. 

4. Blectro.aiD!~ic Pul •• 

hcept for a po •• ible ahocJt ba.ara aue 

to induced wl taq.. and current., the DIP 1. not con

aid.red tQ be a ha.areS ~ peraonn41. .. Therw.l aadt. tlc'J! 

Thenaal radiation .ffecta OIl personnel 

a, 3 nonaally expr •• Nd 10 t.r.a ot the deqr .. of burn 

reault1G<j frca the expo.ur.. In f1r.t-de9r .. burn •• 

there 1. only redne •• of the akin. ~ healing abould 

cx.cur vitbout .pec1a~ tr .. ~t. S.cond-deqr .. 
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blUDe are d .. per aDd acr ••• v.r. ~~ ar. ch.uac

tulatd by for.-tion of bU.~.r.. In tbird-d'lqr.ee 

burn •• the full tbic~if' of the .kin ia d ... t.J"OJyed 

&I'd .kin 9raftincJ i. required to pr.V.f.t SCAr 

fpZ'lMtion. 

Pique. 6-24 ahov. the r&~iant exposurea 

r~ired to product fir.t- and ..cond·-degree burns or. 

bar. akin aa a function of total en.rgy yield. The 

iner .... in required radiant en.L1Y vith yield 1. 

due to an ext.nded deliv.ry ti .. " for tr.e thermal 

r~i.tic'n .t higher .. .apon yieh IJ. Difference. in 

5kin •• n~itivity. p1~nt.tion, and o~~er factor. 
v111 C&u ••• ~ devj.tion from the value. given by 

Pi9. 6-24. The type of clothing worn by an individu~l 

will alao gr.atly affect the poaaibility ot theI"mal 

redi.ation injury. Additional inform&tion or. peraonOdi 

injuries fJ:'o. thenul r4ldiat ion is p.ovided l.Il Refs. 

6-2 and 6-3. 

6.7.3 &guip!!!nt 

a. ~ and Neutror Rad!~ 

Nuclear radiation can have bo~h te •• lporary 

and per .. nent .ffecta or. electronic equipme.li·_. 'l'he 

latter usually require. repl,aceaw:nt of COGIpOn( :It& 

while the former ... y di.appe.a. rapidly. Tht':re ,ue 

three qen.ral type. of eft.c'tlil: (1) ioniz,:stlon, 

(2) di.placement, and (3) i.h.;,rmoaechAnical. '!'herlUO-

..chanical damaqe i. cauaed primarily by X rays and 

i. di.~u.aed ill Ref. 6-'0. 

GAIIIIU and X r,IlY rwiation are the 

prt.ary cau ••• ~f ionization efCecta in electronic 

c:o.ponents. although tney cion be caused to a lesber 

extent by neutr~n.. Ionizat ... on introduce.' 
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perturbating voltage and cu%r.nt pul ... into the 

electronic circuitry of .. sY.'t8lll t and theae p"L .. a 

.. y cause overload of. caaponenta. loa. ot ,~·on;.~ 

infor.ation in .. mary units, .aturalion of cr1tlcal 

~nenta, loa. ot l09ic inf';)rlIUltion, •• con<i-ctU'rent 

overload. and aemiconductor Burface effects. 

Moat ionization effecta are dose-rate dependent, 

Di.splac..-ent eUecta are caulOed by the. 

displacement of at.:.. in tbe t:rystal lattice st.cuct.U1e 

of a .a~.r ial and rer.·.ll t in changed properties of the 

coaponent. N.utron radiAtion ia the prim4ry cause 

o! toe •• ch4n;;;Qii, a.lthough hi'~h-energy electron", 

9.-& rAtS and alpha particle. can aIr:> be the cause. 

Neutron displac.-ent effects are total-dos. d€.pendant. 

The do .. at which a semiconductor will 

fail i •• t;rongly dependent on it. chemical and 

physical mUe-up. Reference .s-ll l"eport" results 

of te.ts of "L'In~ tyvea of se:nlcol'idu_toT and vacuUll! 

tube COI4pOnents and should be consulted tor l.nfor.-

.. tion on .;pecific l.t.... The lllaxinmm posuble 

expoaur., wit~.ut 1amage to semiconductors, can 

vary )'rer .l ran'Je of apl''':oxiAately lOll to 1 0 16 

n/eal • With this w1de range in exposure limits, 

it is obvious that significant decre .... in vul

nerability can be gained by proper choice of semi

conductor •. 

Reference 6-11 aiao r~port8 tests of var-

10us types of tranaistors wt.h::h were subjected to gammA 

dose rates from 10
7 tC' 1010 e:rgs/'lrama/sec (-10 3 to l06 j / 

ltg/aec) (carbon). Ontl roentg.rn of C]AllUDa radH.tion ia 

approximatelv equal to 88 erg::; per graal (- 9 x lO-3j/kq) 

(carbon). Peak transient currents of approxirnatuly 1 

to 12,000 ~A were observed in these teatJ, and the 

slgn! fi-cance of theae radiatil>n-induced transient 
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curr~nta woulu depend co tbe cbar.cteri.tic. of 

the trar.i.tor aM the circult in which; t ia uaed. 

Vacu\llll tube .. are .ffectAd try ouctear 
ndiatiun 10 thr .. vay.' u) fl')E"1Ytioa 01 • hi ih 

reaidu.l recu'oact1V1ty in the vuiou. _tel ie1. 

uaed in t\&be .. nutactur. (l) appreciable c.1.&nge' 

1n electricel cl.aracteriatica durini and after 

radiation, and (3. i~cre .. ed fragility or, 11 

-.ny ca ••• , ~let~ wechAnical f~il~e. The 

latter effect reault. fro. neutron-induced iocrea.ed 

brittlenea. of boro.iU.cate gbs. ~ly u~ .. · 

in tube eonatruction. Ceraaic tube. have been 

bound to b' 1tUCtl .,re re.1Jtant to lhi. type of 

d ... ge. Cedaiu. ahield. have also been found to 

greatly incrNt.e tho re.i.ten",e c-f gla •• tuNa. to 

~~tron r.diation. 

Referv.ce 6-11 pre.ent. re.ult. of 

expo.urft of a.ny type. of vacuua tubes to total 

raoiation expo.~re. up to 1019 (nvo't and 1015 .z-g./ 
gr ..... (-106 

j/1;<)) tc;arbon). !'he unit (nv
o

) deacribe. \ 

t.her.al-t.eutron flwt. pr.ferably called. 2200 .... t.r/ 

sec flwt. The .... aoci.ted unit of tiJDe-int89rated 

flwt is the (nvolt. '!'he (nvo) i. the neutron 

clen.ity nor.alized to the velocity, Yo' of 2200 

_ters/.ee. Although vacuua l~. q>pe&r to be 

.,re re.i.tant tc radiation U:an ... iconductor., it 

ia i~ •• ibl. to generalize the re.ult. repo~te4 in 

Ref. 6-11. SollIe ql .... tubac shoved .\0 ill effect. 

at lOll (nvo't. while other. fsile·1 it the &~ 
neutron flwt. The plate current of !10M tubes va. 

aiqnific&1\t;'y difected during and aftu irradiatic~, 

1n others, ~'era wer~ no changes. R~:er.n~o 6-11 

al~o incl~e. aa.e l1~tPd d.t~ ~rta;ninq to the 

ut!ect~ or nuclear ~adiatinn on ~thQr .1~ tronic 
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COEpOnenta .uch a. re.iators and C.~cltor •. 

b. X lUadiation 

X radiation will not nol~lly be a 

aivnificant probl .. for electronic ~ui~nt .lnce 

it vill be ab.orbed ~r attenuated by .hi.lds nec •• -

aery to provide prr.tection from oU,er nucl.,Al: weapol 

effecta. t'hi. condition i. not r.e<: •• :;arilf val id 

for very high altitude., where there is littl~ 

.taoaphere ~ abaorb or attenu4t.e the ): r"'ls. 

aererenre 6-10 include" inf.nlDdtion r89u"hng 

X ray eftect. at high altitude •• 

c. Thenul Radi .• tion 

TherRl61 radi.at 101'1 at fects On e lee· ronic 

equipaent are pruwarily those r.lated to th.! bU"'t1llg 

or c;harrinq of various material.. Table 6-3 pr~' 

.ent •• elected data frolll Ret. 6-2 alld 6-8 n'!ot "1 

to therllWll effeetli on _ter1-4l.. The velu€; fl"en 

in Table 6-3 are apprOXlIllAt'e aM can vary by!".' CO 

percant ~or df ·ferent Y1eld weapona •. ld chanqf", in 

field conditions. :n qefteral, 11ght co.ored r,
fleetive .. terials offer greater r",ai8tanCf.' t ti'.el·· 

aal d&.44qe than aUlIllar dark colvred _t.er 1<1!' 

Thickness of the m~ter~al i. alou a facto: lr ~h.t 

... ller thickne.3es of a g>.ven ·.ateclal art' lOre 

.uacept.ible to thermal effectt'. Critical v"luea 

are generally higher for 1 • ..-g" yield _ .. yon', Slnce 

the tot,l ther.ul pulae 18 s.pr.:tad O'lt over a lonqt'r 

ti .. period. 

d. ~.! 

The way in WhlCh '.;HP ene .. gt Hi collected 

i. quite com~lex. but, 1n generll. th~ l~rgt~ or 

Inore exte>lalve the conductor. ::he greate: the ...mount 
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Tab1 .• 6-3 

TREMAL ItADlAT I~ EPrECTS 011 SBLaC'RD MT&llL\L& 

UFEC1" 

l;np.~nted 'WOOd char. 

C~tton canvas ignite. (00 
,;:"lor) 

Hea· J 4rdoo.rd box iqnit.a 

Surface selting or darkening of 
pl •• tIC. (e.~ .• ba~.lite. c.llu
lO$~ ac.~&te. l~clt •• pl.xigl •••• 
pclyethyl.~e, L~ tefloc) 

Thlr\ t;t.~l .heetr. melt ,aut:OIIIO
blie txAy) 

Aut:c:m<'Lile body st.el vaporized L "la •• paMl Delt. 

tit 
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.00 1670 

of ~y collect.eel. ,.bi. ener9Y c.an be conVt r t iII4 

int.o h19h current •• nd voltav.s flowing in ani 

_talllc conductor. The J ""POrlAllc. of t.he •• c\:.r

rent. and vol t.gtl. depend. on the phyaical and 

.leetri~al char.ct.r1.tic~ of the ~y.t~ ttJO~9h 
vb1eb they flow. Where .... paver traneai .. iol1 

Une aay .aaU~ vi'that.and • l()OO-aapere aUlgl:! of 

c;arr. nt., • ai.il.l. current pall.ing tt.rOU9t. s aoli<1-

atat., ... ~unicat.lona r ..... iv.r .1qht :.du.cu it to 

charreel rubble. 

.lect.~ical .y.t .... aubjec ... J ~o DIP 

..y .uffer de9racSaUon in two way., (1) tllllctional 

cI ... q., end U) opel"aUozwl U11.et. Fun(:t1onal 

d"'i. i. that d~ge whicb r~ire. rep~ACement of 

part.a or COIP.pon~nt. before i~l1 .erv lC~l can be 

re.t.ored. OperAtional u., •• t 1. d.fiMd ~o be! t_
I'.:rary i.JIpAirlMnt of the p"rforlNlnce f)t the .y st.eIIl, 

but vou14 not no~.ly r.quiro repl&~.aent of 

coaponent.. Burnout of fu.e., tube. gnd tran.i.~or. 

are exaaple" :)f f~ctlon.l d"""ge. rraaure of 

aaqnetic cor • ...ory units ~r openi~~ of circ~~t 

breaker. ar. example. of oper,.~ ionl. i <1pset. 

The .... x iaua peZlftili. i.-ble eJfpo.ur" to 

electromagnetic field. is obvic.lily dependent on 

charActeristics of the el.ct~ical c~nent;; t1lAxitlq 

up a .:z·st... In A co.plex .yat<!.:;, it l«>u;'d be very 

difficult tG e.t,b:iah ;)veu':l ,;enaitivi':y to ~p 

w ... thout ph:a·.ical te .. tin'l} \Onder leali." i.. \,;ondi t 101'\8. 

Reference 6-6 auggeat. t.hat el'¥"'.r(lP.Aqn'. tic: rudlation 

.hield .. ng for A facility .t-e d.a.~ • .i t.o lJrov;de the 

field .. t~enuat"on shoun ~.' ~t, -: S. .her,hel UU!I;e 

crit.riA ar4/' adequate or nee __ .'· f La <ill').;:)th-,.· 

facility will depend upon t:UI . UIMtd ':hreat. Uu. 

uen51tiv'ty of the equi~en~ ~ .~ houaed wit~jn 
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the facili\y, and the i~rtar.ce ~.elgned to 

aurvivability of the .quipment. Be.: au 3'.' Gf 

aiailaritles t>.tweel' EMP and l1qhtning, a '~ood 

li9htninc; protection IO;-sterr. 101111 prcvl:h: som~ 

protection fr-Ja ~ "!'ffe ... 'ts. Howevt;or.· here Gr. 

ai9nlf.:cant difference. be':weer. the t"."''' p'u.!nom-!'na. 

and .tandar~ liqhtninq protection devl.{~('s r-dnnot 

be relied upon lor comp ~ete EMP protec': I,m. 

Surge arresters or c~he~ ll~':lng de

vic~s will norllally have to be inJltall.p.~ 1:1 4ccordonce 

with the curl'!nt and voltage limitatlO"'S s;,eclfied 

for equiPftent Anu cable.. Altnou("~. num.:'r~c4l v.slues 

cannot be 9ivel. for qen~ral '~145ses of (? h"ctr0rac 

coaponents. Ret. 6-12 suggests the followll'cq llatlng 

in the order of decreaainq senait1vlty to functional 

d&JDa<;ia. 

• M1crowave .~ic~nductor dlodes 

• Field_ffe=t, transistors 

• Radlo-fl'equency tr-'lnsistors 

• Audio tran~l&tors 

• Si~icon-controlled rectlflers 

• Power re~tifier semiconductor diodes 

• Vacuu. tubes 

~hu •• 1n additi~n to a gr~ater reSIstance to neutron 

and q"'JlK'lla radlation, systems employing va:'curr. tU~5 

are leas susc..!ptibl~ t.o r~"!p et f"cta th,tn those 

elDl- 1oY1ng tram iators. Wh1 1 .. '-lOst 'v'aClJUJ"I tub., 

circuits can probAbly aurVlve ~OO-volt 5ut~PS. 

.any translators An1 SeJlli.'onduc;:0r dl<y\t'!1 will be 

permanently damaqed by 50 vo~ts. 

Simi 1.lnly. Ref. 6-12 grouF's qeneral 

classes of electronic or electri~a~ systers 
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accordin9 to their aU5CeptibilitF to .. lf~tion 

whe", aubjecte.l to DIP effect •. 

Moat 5uac.ptible, 

• Low-pc .... r. hilh-.peec' di9ital ca.pu",er (I1PMU 

either trana~.torized or vac~u. tube 

• Sy.teaa .-playing tr.naiator. or .... icon4uctor 

\ , 

rectifier. (eitl~r ailicon or .eleniua). euch aa 

COIIpUter. 

~ter pc~r aupplies 

transistorized power aupplie. 

aeaicorductor coaponenta t.rainatin9 long 
cabl. l~n •••• ~~.lly between sit.s 

al .... ayat ... 

int.~ syat_1tt 

lif.-aupport sy.t .. control. 

ao.e telephone equipeent whic~ i. QArtially 
tranaiatorized 

tranaiatorized receiver. 

tranai.toriz~ trana.ittera 

tranai.torized 60- to 400-Hz converters 

tranaistorized proce •• control ayat ... 

power aystea control", cOI'IIIIi'.mic.· ion lirika 

Le •• Su.ceptible: 

• All vacuua tube .quip-.nt (does not includ. oquii)

-.ent with lIfHIliconductor or £.leoiUSl rectifiera" 

such aa 

tran_Itter. 

receivers 

.lar:a 5YSt ... 

intf!lCf...'-S 

teletype-telephone 

power sup~·lie. 

• Equi~nt emplo~in9 lev current switchea, rel.ya, 

ard ~ter., au~h as 

42) 

, -.,V,,;..\,.>;:-:{a'.: ~:"it"~,,f"~'P'~:"""""'V:, 

alanu 

power .y.t .. control panel. 

procea. c.)ntrol. 

panel in4!catorai atatu" bo.rd. 

• It.a.rdoua equip.ent conteini:.g 

detonatorll 

.qu\bs 

pyrotechnic.l devic •• 

explo.ive aixtur •• 

rocket fuela 

• Other 

l~lq power cable run. employing ~ielectric 
insulation,' ctqUipeent asaociated w: th h~gh 
energy atOl~age capacitors or inductors 

!.ea.t Susceptibl.: 

• high-voltag., 60-Hz .quipment, .uch •• 

tcanatorae,.; motor. 

Illlllp., fihment 

heater. 

rotary convertera 

heavy duty relays, circu~t ~r~Ak~r. 

air-il"lsulatad p:>wer cable ~'..1 •• s 

Tile vulnel abil i ty <'l my of the 'lb<.)ve 

cl ••••• of ~quip .. nt or .y.tems c~n be drastic~liy 

altered by long. exposed cable run. or protective 

device.. Ref.rencea i-6, 6-12 and 6 ,13 contain lllany 

practiCAl .uqg •• 'tiona tor decrea.in9 the vulnt:rability 

of By.t ... to ~? .ffect~ and should be con~~lted 

WMO detailed tIllatnMtnt of the problifilll i. r.ece ••• ry. 

6.8 ILLUSTRATIVE EXAItPLES 

6.8.1 Description ot Initial P~~io~lon Enviro~nt at 
~.fi~ Ground Ranqe --~-
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a. GrvEMl A lMT (4.1' •• 1015j) .urface burat 

~~ .. fiaaion yield 1a 50 percent of the total yield. 

b. FIJIDa CcIIIpJ.ete clellCrlpt100 of the initial 

r~1.~1on .uviro~nt on ~be JroUDd aurfa~ at a ground 

range ~f 190~ f.at (914 .,. 

c. SOLUTIOII 

(1) Since a surface burst baa aeen specified, 

the alant range j(. equal to the qround range. The quantitiea 

ca eDd ). for 't .. in Sq. 6-1 are 1eterained firat. 

o - [1 + 6(~)2] 1[1 + O.Ol(~y • n.oos(ffiY] 
11 • 6) 

rr. O.OJ+O~OOS) 
5.7633 

). ~ 1071 + 1.![~]2 
- 1070 • 1.5 (1) 

- 1071.5 ft (326.6 .) 

Sub.tituting the ~ve into Eq. 6-1 with 

• fi •• ion fr.ct1o~. f - O.! ana an everage air denait" of 

1. .. 9T_/liter. 

Dy - 'f x lOll to (w] (~2 f'Xp [- ~] 

:- x 1013 
(0.S)(6.7613) (1)[( JOk)t exp[-(!ii11~~~)] 

- 1..2 x 10' r04Pntqena 

Multip.&.ylnc; by & factor of 2/:1 for .urface burat conditions. 

the inltial 1.... la 

0y - 2/3 (1.2 x 10') • 8 ~ 105 
roen":qena 
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,.~.v. ... , .. ~:~*'~~~"~\r~~~~!!";';,~~~>·.:·¥: .. ;~! u' .,:~j .. t, " 

(~) The neutron doe. ia ~iven by Eq. 6-2. 

Dn .. 2 x 10
22 [w)[tt exp [-R~/780J 

- 2 x )(;i:2[l]h-cfoor exp [-3000(1.1)/780] 

- 3.73 x lOll neutrons/r.m2 

No correction ia m&de for surface bUIGts, 

(3) Tne X ray fluence j~ given by Eq. 6-S. 

3 
8 x 10 Yr . 5 

F - ----2-- ex;) f-i'JlplO ] 
R 

Assume Y • O.7W - 0, IMT (2.S) ~ 1015).) r . 
fOl' theae condition.. Aasume 4 photQr, enec;lY level of 1).1 

Mev i<J rep:esentative of the wea.pon for purposes of 8('"lect-

1n9 ~ maa~ c.bsorptio:'l coefficient f(Jr ..llL Then, from Fig. 

'·3, ~ .• O.l~ cml/qm. 

Using the above Values 1n ~q. 6-5 and 

R - 0.914 km, 

F - ~ x ! Ij 3 (~. 7) exp C- O. 1 5 ( 0 • 914) (1 • 1) (l 0 ') >J 
(0.914) 

o (.,al/ca2 - 0 j /cm2 (Slnce c -j 5000 " 0) 

(4) Th' integrated thermol (lux l!'\ glven by 

Eq. 6-10. 

o - 1.8 x 104 T[~'2JQy W 
AaaullIe 50 ai:'e ~l'O kID) v:sibility in ord,~r to obt.ain a tc.,ns

!IIia.inn factor. FrOCI Fig. 6-10, T '" 0.91 tor 50 mile (SO kn.) 

viaibility Alld 3000 foot 1914 III} slant rallqe. Then 
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• ),1000)2 :)-1. •• 10 lo.n,jOCO 

,. 1800 cal/":l12 - H ~O J/c.2 

(5) Froa. Fig. 6-6, the .. ~d."·I:'" eler:tl'ic 

firld atrenqth of the el.ectroaaqnetic pul.> ~"'r an alrb.:or.t 

18 50 kUovolt./lIIe·.el.". 'fhi. figure can be \".s .. a IOll9h 

e.tilllate of tbe EKP :~or a .urface bur.t. hefel:enea 6-6 

ahould be con.ulted : or -are accurate IMP predict.ion tech

nique •• 

6.8.2 btiINtea 0 ~_Shieldinl R~irHlllnt. for Initial 
G .... aiidN'f~IU()n Red atlon 

a. GIVEth '!'he iniUal g ..... and neutron radi

ation enviro,..nt of l.tallple 6.8.1. A •• u.. that a protec

tive ahelter 1. locatel at the lOOO foot (t14 .) ground 

~.n9~· 

b. FIND: lho t~ickne •• of concrete wall. re
quired to reduce tho in.tial extelnal racHatil)n to an ac

ceptabl. level for per .. ,nnel. 

c. SOLUTION: 

(1) If it i. a •• umed that it ia deairftd to 

keep the wholo body acut" do.o to A levol where no diaablin9 

.1cAne •• will occur, the extarnal radiation do ••• hould be 

attenuae.d ao that persor:ntol receive ',e •• than lOti rea total 
~08e fro. 9 .... And neutr,n radiation.. For g .... radiation, 

Do.e in rea ., expo.Ul-~ do ... in roentqena 

~'cr neutron radiatlon. 

Dose in ren ~ 2.3 x l·-9 tt.ea the neutron fluence in n/ea2 

(2) The ext~rnal radiation 1.·el. fro. Example 

6.8.1 are 

9'-' - 8 x 10
5 roentgcm. 

neutron. - 3.23 x lOll n/ca2 

42' 

Converting ~o ren, the f .... co"~ J~tiou i~ 9 x lOS r •• 
and the neutron contribution i~ 

(~.l ~ 10-') (l.~3 x lOll) • 7.4 x 10· rem 

(3) T~~ total do.e ~_ 8.7' x 10 5 reD and 

the required ~veral1 atten\18tion i. 

lC(} 
~~-~ a .0('''114 

(4) Tre6tinq Ute 9 .au and neutron radia
tion ... parately. the thickne •• of concrete required ~o 

provide the over.:l att~nu4tion can be o~taLned by Jelect

ing .ucceaaiv. thickneaa4a. ·rom Fig. 6-15. 70 Loche. 

(17' ca) of concrete would reduce the initial gAam~ by a 
factor of 0.0001. 'fhe tenth value thickn ••• for neutron 
ahielding i. 10 inches (25.4 cal, so 70 inches (178 cal of 

CO;lcrete would reduce the neutron dos. by a far::tor of 107 • 

(5) The g&aU radb,uon .hi61din<J requiro
_nt control. and 70 inch'>. (178 cal of concrete lull pro
vide the required degree of pr.:>te(;ti, .. l. The r. utron radia

tion l~vel in.ide tb~ ahelter will 0. neqlibible for this 

thickne •• of concrf"te, ~nd a alight re<iuction In thickne •• 

i. (A).aible. A lIIO"e accurate eati-..te of th\" shie.Ld.ing 1'_ 
quire .. nt. could al.o be obtained from a con_icieration of 

the g~>nIetry of the .truct~~re. 'rna actUAl re<:ul.red thic).

ne •• would probab:y be aa.ewhat l.a. than indlcated aDOYe. 

6.1.3 !:atiJll&te. of Re.i.dual GAl"'Jn& Drs. A1'd Shieldi!!.9, 
Il!g:uirement. 

A. GIVEN: A protective ahelter located 10 mile. 
(16.1 ka) downwind from A INT (4.184 A 101S j ) sUlta:~ burat. 

A •• u.e that the fia.j.on yield 1. ';0 percel'\t ,:>t the tou 1 

yield and the average wind velocity between the deto .• .ltion 

point and the ."elter 18 15 kPH (H.l km/hr). 
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b. FUIOI 

(1) ~ total rea1d'1a1 V .... r..sia~ ion do .. 

acc~lat~ over a 12-ho~r period .fter the 4~tonat1on by a 
perllOD ataD41Aq out.alde .... ehel tu • 

(2' l'he thiekne.. ot coc:.erete required to 

reduce the fal11ut udiatioa to an acc.p~l. level. 

c. SOLUTIOlia 

(1) Fro. Fig. 6-11, the unie tl .. reference 

do .. rate at • poiot 10 .. i~a. (16.1 101) .\otm¥ind fro. .. l.M'r 

(C.l'. ~ l015 j ) fla~iOQ y1e~d aurface bur.t 1& approx~tely 
10C roeAt9*Ul.'hr. Sine. the fbeiuo Fi.eld 18 OM-balf the 

total F1eU, t.be referaace do .. rau f".r tilt. .. -.ple b 

0.5 • lOC 5000 roentven/hr 

It ... a.-...4 ·~.t the v104 velocity i. 15 knot. (2C.l ka/ 
hr) • ., DO eca11ng for v1M velocity ie nece ... I'Y. Tha fall

out vill reach the abe~ter in 

it • 0.66 hour 

l'roa Fi9. 6-14. tiw ac:cu.ulat.e4 G<iH rate at 0.46 h<klr after 

the ~tf'_tioD 1. approxiaat'.ely 6 ti-.. the \Ani\;. U .. refer

ence do .. rate, aoo at 12 hL.'..r. the acc~l.ted do .. i. 

about. '.2 tt... the r.fuence do .. rate. A rer.,n out.14. 
of the abelter would therefore be ezpoaed to 

".2-6) {SOOOI • ll,OOQ roentgeft8 total doae 

(2) If an allowable do .. of 100 r .. • 100 

roentqena i. a •• u.e4, a reduction factor of 

100 
~ - 0.0091 

ia r~ired. Fro. Fi9. 6-16 •• bout 1. inchea (45.7 a.) of 

cOltCrl!lte 1. required to proYid. this reduction. As 1n the 

ea .. of initial 9.~, the true thickne •• would be eoaewhat 
1 ••• if .truet1;.r. g ___ try i. conaidar'l4. 

42' 

, ... .: t .. of ReinfuX"cing Steel for EMP _~!..!.!!!..l~ 

.a. GIVElh A reinfor(,.~ conc~etCi' plotective 

aheh:ar who .. nOlliMl diJwen~iona ar .. 15 )0; 21) x 100 feet 

(C.57 X 6.10 x 10.5 .). 

b. FUID: Tl.e reinforcinq .t .. ~' $lZe and 

.pacin9 vhich will provide .. 25 dB attenua ~).on ot the 

IMP el~~rie field strenqth. 

c. SOLUTION: 

(1) .. roe Fiq. 6-17, • bar .lIp",cU'g ot 14 

inches (35.6 ca) on centera. in .ach dir~..:tJ..un, 10 a a1-og1e 

cour .. of 1.692-inch (4.30 CIII) diam.tf't' bar •. 'l'''vvidea 

23 da attenuation of the aignal. Si~. 25 ~~ 1. requ1red, 

it i. nac •••• ry to obt.in .nother 2 dB by blth~r changing 

the bar .i •• , decr.a.i:lq the spacing, or uillng double 

couraea. 

(2) If the initl.l bar alze u< retainold 

but the apacing ia decr ••• ed to 12 inch~. (30.S ~), Fi9. 

6-19 jodie.t •• the attenu&t1-on ean be inert!.:,u.4';>d ty 2.5 da. 

n.refor., 1.692-ineh (4.30 CJII) bar. on 12-1HCf' OO.S c:a) 

center. will provide the required .ttenu4tton. 
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UlC'r 10M vII 

~ 011 STRUCTURES 

7.1 I~IOIi 

7.1.. General 

Prec-'ing aec"':101la have dealt ~r:Uaarily with 

fr .... fi.ld nucl.ar weapon pheDOlM:'l&. i •••• ~ in the 

abaence of f.cilities in the vicinity of thQ point of inter

eat. ~i. -.etion presenta _thoda for transl.tlnq ;he free

tl.eld phenoeena into the i:'lfor ... ti~n required for the design 

or ..... -.at of hU'CleDed f&CUitie •• 

The desi9" or analyais ..,f ; barden4id facility 

l. •• volves tbe considerat1on ot structur.l inte.jrity and atruc

ture IIOtion. Con.ideratioR of structur.l integrity involves 

evaluation of the stres. and defOrmAtion condition. in the 

varioua el...nts of a structure and the structure a •• waole 

to establish whether the atructure vill r ... in aervieeab.e 

under the variO\ls nuclear en~-i.ronl.\eRts. 'rho lnfonMtion re

quired for such evaluatiOAa consists of t~ loada (external 

traction. -.Dd inertal loads) which act CD the vael-ous struc

tural .lesaenta. 

Motions WRIst be consldt.recl ao that inertial 

l~ad~ acting on .tructural element., int.rnal systems and/or 

per80nnel can be evaluated. Structure IWltion also affecta 

external loads and ~st be considered in ev.luating slidinq, 

overturnin" and tiltl"l9 of various structures. 

Althouqh this ... ,nual i. rest.ricted t.o nuclc",r 

environaent., d.signers and analyet •• ust recognize that 

structures and syst ... designed to l"'Jrvive nuclear envir~m

aent. Jalst alao perfor. satisfactorily 'ander conventional 

envin.,n.ent. wbic'l ""y include deAd and 11-.. .. loads, over

burden load., lateral earth,pr ••• ures, vibration, wind and 
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earthqu.ke. Earth preaaur ... or deep 1aci:iti. .. ", II\ay be IDOre 

severe .t depth than the loAt!.a induced by J'lu<..lt.'?·r ground '"-hock. 

The nuclear envircnaentas cAJ...sin,; stj;uctural 

l~ds ~ IIOtions .re .irblast, ground shock ej.·ct .. and 

cadiation. The ~elativ. i-.portance of tht! "/ill: 1, 'uS env lI·on

~t. 1. dependent upon the location of thl atcuctloU"e with re

Jpect to the ground surface .nd the bur.~ point. Abuveground 

.nd .urt.-ce flush structures arc' subjec:ted to t ;1" compl.,te 

range of environments while buried stru~· ... ures dTt' s1Jb)t'cted 

priaarily to ground shock. 

Loads associated wit~ nuclear 4;;\Vlronments are 

dynU'ic and multid.imensional. Major factoIs Whl.U·, determine 

the l".:1s Lrdl 

• Free-field environment 

e Medium in which th~ .fru~ture is loc.t~~ 

• 'roperti •• and configuration of the strucLure 

Idealll-, the oetermin .. tlon of loads and motior.; 

ahould be baaed on all the ~sic principle~ of me~hanlc. 1n

cluding cornarv.tion of mass, ~P.tum and enecQy. ~owever. 

the cOlllplexity of the .. nvironaenc, geom .. !:q(, and mater la! 

beto.!!Vlor requires numerous .sWllptiur:~, r-ll1f ir ~·'?Il relAt ion

ships and englneering judgements ir. every aspect ot the leAd

ing probltfJII. 

In the CA$eS of Airblast, deOllS lmpdct and 

radiation, iapo5eci external ';'oada are fa! r j,y l!"",dependent of 

structur(; actions and reAoon'lble load efitilllat<l!S are obtaln

.ble in a relatively atrai''ltforward II>.anner. ~Il lhe (""liE' of 

grour¥.. shock, however, external lOAds and slru,:t ure 'flot lc.'nf' 

are interdependent. ~s a re.ult, loads .lnd motlol;~ must be 

deter.ined by considering structure-med ium . ~ t t'r dCt if-'I). :. t~ •• 
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the aiaultaneoua eolution of the equationa of 8Otioft for the 
atrur.ture and 1.he aurrouncUng Nl4iua. aptK:i.1 loaclift9 probl .. 
&r1 •• for facilities ait •• 1ft joint.d rock where l.te-tt.. be
havior can potent1 .. 11~· 1-..4 to relativfO cUllaPbo.-..nt.. beltWlNn 
Ill;] iClt,,::' !;..!~a .. jeh can literally .ev.r ."uct""e. of prac
tlc.l aia. and 8trenqtb. Tbe "91litude of ."cb r,d.tive di.
placea.nta can only be •• Uaate4 ),y ...,uicl_ .nd jud9_lIImt. 

Tbe sequence in vhich the vari~us nuclear en
vironaenta are iapore4 on •• tr~tu·~ 1. ~rtant. RadiAtion 
vill occur firat.. airbla.t and grololnU abock ao.a tt.e l.ter. 
and la.Uy. debris ie:pact.. Where .t.rllc~. aca ch..lqoed in 
th<! inela.Ue catie-n. t.he affac:t of loading hi.tory lIU.t be 
.:c. ~a fd.red. Ttlis 1a particularly iIDportant vben structural 
df";rc1daUc-n due to early loadift9s .. y reduce the abLlity of 
the st.; '~C'ture to vithst.nd later uriviJ19 effect •• 

Thi. section pce.4ftta rel.tively .t.ple .. t~. 
for e.ti.lYtif19 .. t:arnal I.ltructur.l load. and ri91d booSy.o
tio .• due tc airbla=t, 9r~ aboc~# ejecta and ra4i.tior. 
The detonaatiOD re.pon .. of individual .tructur.l el~t., 
which must be considered alon~ vith ri9id body ~tiOQ. in 
analysln<j structur.l el .... nt. and internal equi~t i. 
~reated in Sec~i~ IX. 

The _ttod. hereia are rec~nd" for prelia
inary e.ciJut.a. The f ... nal d.si9n and analy.ia of .. jor 
structure. vill requlr~ • .ore eopbiatic.ted tr .. t.ent of 
.tructure-lMdiua interaction, particul.rly vith r«9ard t.o 
QrOU1¥O .h ck. A brief ditK:u.do:1 of aa.e .. thod. c:urrently 
in ~ .. i. 9ivea in the following para9r.p~. 

7.1.2 Inte=action Analy.i. Method. 

Tbe aajor .rea of uncertainty vith r89ard to 
structure-mediua interact ton con~ern ~he interaction of 9round 
ahock Wl~~ structure.. Such inter.ction i. important for all 
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type. of etruct.ure.. inclu4lq abo"eI,Jrol.lnd sUu\. ture. which 
..xperience 9rOUNS &bock loacSs OD their tound&t:iona. 

Four approaches to t~e analy.is of 9round ahock 
int.eraction which beve bean att..-pted. are under d.~.lopaant 
and/or are currently bei~ .-ploy...s are 

e Cloaed fora eclutioaa 

• r.u.p.c! par_ter Wldel. 

• Finit. difter-nce techniques 

• Finit •• l.-.nt technique. 

Closed fOr1a .-pproache .... k analytical .olution. 
to the equation. of lIOtion of .tructur ••• ua aurrou.;.ldinq :llled.ia. 
They are 11a1tec! to ...... tent by restric_ive ••• UlIlp'dona with 
r«9ard to .. teriAl beb&vior, 9eo111etry, or loadinq couditiona. 
Bowe"er, they yield qualitative ind9ht into pblrnOllWne and, in 
eo.. c .... , ~titativ. 1nforaatio~ for pr.ltainary •• tt.&te •• 
Closed foea .olutiona are .. ployed lator in tbis .f~t1on to 
arrive at eo.. px.l~D&%y inter.ctio~ oatt.&t.a. 

Lwope4 pal: ... ter .pproac .... lI04e1 intu.ction 
phe~na by pl~cinq di.crete .prings .ad d&.hpo~. between 
the atruct\&re and the .urroundilKJ ...elia. Ref.r.ence 7-1, for 
exaaple, ~ro[~ ... that the radi.l atre •• on • ~jti.ont.l Ot 
,,_"rtic.l cylinder .. y be •• al.lJlNJd to be .. de up of Uu· •• '--oat
penent., 

a Fr .. -fi.ld .tre.s 

• Str ••• dependent on relative diaplac_:mt betwe4h the 
free-field and the .~ucture 

a Stre •• depend.nt on rel"·.i" velocity between t}w;; 
free-field .nd tbe .tructure 

Tbe total radial atre •• at • particular loc.tion on the Gylin
der .urface is 9iven by 

Or - 00 + k(wo - v) + .(wo - v) (7-1) 
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.~t.al racUa1 atr ••• 

• fr .... ' JAW at.reaa 

fr .... U.l1 d'05'1..,....,.. in !redial dl%~1oft 

• U'\ICtur. dbpl~~ 1Ja redial dirCCt.1OD 

W,;, • free-fi.ld velocity ta r":ial 4beetioo 

" • at.L""UCtv.r. ftlocit;y 1Ja racUe1 dlrectioo 

k, a - coaatanta 

,. conata!ltil k aDd a .. y 1M likew"1S to a aprl.., atiffua. 

cA .. 1ec:oai ty coef f lci .. t. c- apo8Ctl velr. a. illustrated in 

F19. 1-1. 

'I'M ge~·a1 lUllPld par"'Ul' aPil'~ch 18 rela

Uvely aillp1. ~ concept an4 CAll be utera4e4 ~"" 1Ac1u4. ahero: 

et U!,~ atrOlctv.re Urt.erfa~ (for eaaaple Me'. 7-2, aDd the 

~lellll9 c)f va:: lou. ira~t"actlOD proDl... .....r. the lUllp8l1 

pelt_tar &pp1:Q&c!l is U.ait.ed by t.ba fillet tMt ~e ia DO 

~a;;lonal .. t.hod for "lee'iACJ the apr!.., atlffDa.~. and vi8-

co"ity O'leffici.t or the virtual .... walch -.aat be attached 

to the .tructue. Ira t.ba caae Clf ... U v1)).'I:'atloaa <1)f tOWl4a-

U'O"Ila, tJM quaiatltle* ant .. 1eeted OD t.ba beal. c.! c:lo'*' torm 

elaatic ao1llti.oaa. a...lIMv..::. clo.ad tona .ollltlC>Da arc. DOt 

9«"..ral.l.y a ... ailable to~ a ,,14. r",09- of atr\aCture. aubjacted 

W DlK'lt.ar 91:'OUD4 aback. lboae cloaod to,. eo1utlon. tNt are 

.y.il.b~e are mora reedily uaad directly. ~t.enca1 d.ta 

.. y be need to .. lact par_cera. aow.ver, appro~lat~ ,,~U 
are .pa.r_. 

!'bit beat a .. aUab1 .... tboda for treabMnt . t 
atxuc~~lua interaction p~na are tba flraite 41ffer

aDCe and finite e.l ... rat _tb04a. Such _thoda are c6apable of 

.o4elih9 co.pllcat~ ~trlea, layered .ita., DOnll~r 

U7 

.. uriala and arbit.T.#1('y loading cond it i0n8 . The I1IiII jor .hort

ooaing. of MO.t ~re.ant code. are liaitation to two·di .. nsion#l 

probl ... and inability to predict late t~ diaplacement be

hAvior. 1.1 addition, Uw.:-e ar. Wll'!artalnti •• a •• oc iated with 

trea~A~ of the .tr~cture-.e4iua interface and ~he accurat. 

tra~ .. i.cion of high frequency coaponent •• 

'init~ difference codes bave not seen wide~pr.ad 

application in .tructure-aediua il'lteraction studiea. However, 

_veral CC"de. (for ex .. ~le, Ref. 1-3 and 1-4) have the bane 

capability for treating .uch prebles.. 'ef.r~e. 7-S, 7-6, 

7-1 and 7-8 describe finite el..-nt code. which ~y be U&ed 

for .tructure-aedium interaction .t '.dies. ). f in1 te element. 

ideaJization of an interaction probl .. (Ref. 7-9) is shown in 

Fig. 1-l. 

7.1.3 Orqanl~.tion of the Section 

The rem&ind~r of thia aection i. organized into 

five .. jor para9r~phs 

Ai~bla.t Loada (para. 1.21 

Ground Shock Load. (para. 1.3) 

Structur .... in aard aoc:\ (para. -:.4· 

Load. Due to Ejacta aM Radiation (parill. 7.'5\ 

Illu.trative ~aaple. (para. 1.6) 

With the excepti~. of .tructu~e. in h&rd rock. the orq~nitation 

1s baa.d upon U·~ nature of the free-field environment. Hard 

rock present. eo-e unique differencea which requi~e aeparate 

~iacu •• 1on. 

~aragraph 7.l pre~entB seth~i8 for e8t4matinq 

the exttinal load. on .tructure .urf.c.e o:'tposed t.o the air

bla.t. It i. a •• UJIIOd that air ia nonco:,pliant and, therefore, 
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Pi9Ure 7-1 ~ Par ... t~r Model for Interaction .. tween 
Underground Cylinder and MediUli (Ref. 1-1) 

Input MQU ana 

Pi9Ur. 7-2 Analy.i. of Soil St~ucture Interaction Includlnq 
Effects of ProxLaity of Building. (Ref. 7-9) 
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airblast lOAds can be e.tilllat" .• l dir-ectly wlthout conllideration 

of structl.lre IIIOtion8. Estiaation of th'l! IPOtions of atcuctures 

8ubjc'~ted to airbla.;t 10ad8 18 de!:er-:ed i.O paraqr aph 7. J since 

such IIIOtions are u~pendent upun the loads ir~uced on 80il bear
ing surfaces as well as airblast loads. 

Pacagraph 7.3 PlJaents method. fcc e.t~ting 

load. on .tructure surface. which bear against soil as well 

as the rigid body rtions of structure. loaded by dirblast and/ 

or ground .hock. Riqid body IIIOtion. should be impo&ed as 

inertial lo~d. or support motions in the anslys4s of individual 

structural elttlllenta. Unique differences associated with struc

ture. in h.u-d cock are discus.ed in ~ragraph 7.4. 

Paragraph 7.S discus.es the lo~d~ expected 

froe ejecta and radiation. Method. are presented for est~

mating the intenai ty of .tre •• waves induced by bot.h pheno;nena. 

The .. thod. are illustrated for a shallow buried rectangul&r 

structure and a shallow buried horizontal cylinder in para

graph 1.6. 

7.2 AIRBLAST LOADS 

7.2.1 ~ 

The airblast l,#ding on exposed structure sur

faces is a functio,. of the tree-f ieid ov~rpre •. 'i\l!·e .md dynamic 

pre •• ure, the size, shape and oriftntation of th" surface, and 

the location and orientation of ot~er surtaces in the Vicinity. 

A factor of considerable importance is tt~ ~eneral character 

of the airtlaat front. The simplest l"lading is that a8soc~ated 

with an ideal shock in which ttl' 'Ctak oveq:'ressure ~s reached 

instantaneou.~1 after which the o,erpres8ure decays in an 

exponential .. nner. Ideal shock l.>adin':la .. ,1:'8 of s~gnif icant 

interast and are discus.ed in de\:.ail for viu-ious structural 

configurations. :".n the precur.wr reqion. ttt:' loading is more 
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coaarlex. The reflect~ pl'e'laure i. reduced while the dynaaic 

p1:ess t u:e is increa.ect. Precursor loAding. are .ubject to 

awojor unccrt..ti,..ty. puqr.ph 7.2.9 provid .. __ di.cu •• ioft 

of lcadin<jJa in the ~rec:\ ~aor req 1oll. 

~hree ca.ponents of airbl •• t loading are nor

mally con.ic!ered: overpre •• ure, reflected pre •• ure and dynUlic 

pressure. The overpre.sure i. si~ly the airblast pre.aure

tll'Jle hiatory which occur. in the free-fie1.d. Reflected over

preasl1r"s occur due to "'atl1m chanqe when the propa Jatin9 

airb168t .tri~cs .. surface in t~e path of propaqation. Dyna

ale ~resaures, aaaaciated with air flow behind the shock, 

ca-_Be drAq and lift on "lbjec-ta which irot.eLfero with the flow. 

The relative ilIIportance of overpres.ure, re

flected pr .. sure and dyn&aic ,resauxe depends primarily or 

the aise and shape of the structure &nd the character of th~ 

airbl~&~ pulse. In aany instancea, the nut loading 00 a 

structure or .~ructural el.-ent is more iaportant that tl.e 

lc~d on each surface. In ~he case of large structures sub

jected to short duration bla.t wave~. the net loading due 

to reflected presaures w_ll probably be .are iaportant than 

that due to the dynamic pres.~re.. A. the structure becomes 

smaller, or the blast wave longer, the net loading due to 

overpre.sure on front and rear faces i. of l •• ser ~rtanc. 

and the dynaaic or drag loading is the iMvortant component. 

The periud of vibration ~f the structure ba.ically serves 

A. the fac~or aetermininq the relative t.portance of the 

above coaponenta ot the airblast loading. Short duration 

reflected pressurE. pe,.ks lWly have a negligible effect on thtt 

response of low frequency syatess but be an i~por~ant factor 

in the rbsponse of high frequency .y.t.... No 9~,eral guid

ance can be provided regarding the relative iApor"a.-.ce of 

the three componEnts of airblaat loadinq. All components 

should be consid-lred, at :e •• t in the preliminary .t,"d',. phases. 
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The di.cu •• ions of .irbl •• t 19adloq in the fol

lOWing paragraphs a~sWDe that the stIucture ia io the Mach re

flection reqion, where the airt: :aat front ie Pr.Op.A9c1tio9 par

allel to the qro..md surface. If. atructure __ s located io the 

reqular reflection .I'89ion, it will 00 .ubjected to l.iqher ver

tical load. than in the Ma~h reflec.t:ion reqion due to reflec

tion of tho incident blast wave on h..)r:Lzontal surface.. The 

"gn1tude of the r~flected pressure CAn ~ estLmated ~.ln9 re

flection coeffic;enta which are dj.Gus~ ~re.lo. 

'-.1 though the airbl •• t environ.r.",nt is .,robably 

the beat defined of All nucle" enVlrOl'lJlWtnts, I'Au:;;h uncertaLnty 

reaain. with re9.:srd to ail~la5t loadioqa. Th-, prilllary rei,u

ences for the IUtl.:ria:'. he.t:uin on ideal shock loadings are 

!Qf •• 7-10. 7-11 and 7-12 whereiu the ·:lata b .. se larely exce.wed 

An incident overprescure of 50 psi (34.5 N/cm2 ). The material 

on precursor effects is deri·.red !rOlll ~et. 7-13. Ref ..... imC'i;! 7-13 

present. ideal sbock 10adin')8 which differ L') some in:>t-.ance8 

frOlll t~e loadings herein. However. tho dl.t ierellcI:.<6 lue within 

t.he uncf'rtainty of lIIeaaured data and there i~' lnauff1cient 

evidence to judge ",hich fOrJllulatioll i •• upel·lor. 

7.2.2 Reflection COt~tfl.ciellta;. 

Reflection phtmomena w~re int.reduced in para

graph 3.2.6 in de8crlbinq the regular retlectlon region and 

the Mach region asacciated ~jth free-field alcblast. Whenever 

the airbiast wave propagar.inq aa a shock au lkes a surface 

which is not: parallel to its (il.reetion of prol:>agatlon. a re

flection process takes place which causes an Increase in the 

peat·. overpressure. The refle~'tion is caused by IllOruentum 

change ""hen the JIIOvinq air chinees directiol' ftS .,. result of 

striking the surface. The ratio of reflec~t~ overpressure 

to incident pressure is called the reflectl'.>O factor. The 

reflection factor i8 a functlo.ri of the peak vverpre3sure in 
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the incident wave &DO t 

SlJface. 

.aD91e at which t .. wave strUes the 

Definin9 the ... _ • of .Lnc14~ to be t.he &1\91. 

Wttween the Ithoct froLi'. aa4 the reflect1D9 sw.face. a '0-4891''' 

_nqle of incidence corn .• pond. to _ surface peraliel to ~be 

direction of propaCJ-" ion. 81the.t rafb.'Ction factor. occur at 

aero anqle of 1DcldeN:e. i. .e.. a .urface DOraal to the 4irectiol. 

of propagation of the bla.~ ~ve. l'i9Ue ,. 1 preMllt. reflec

tion factors .is • funct ioa of peak ?verpre.llUre for an &n9le 

nf incidence of :lere. ri9ure 7-4 .how. t.be effect of &Agle of 

incidence on reflection factor. f?r a w14e range of ;)vuprea.-ure 

level •• 

7.2.1 Drag and Lift Co.~firient. 

~ dyn.aaic pr •• aur" dlW to the trallsieD _ wind. 

bt.bincS the a1Rla.t aboc:k front exert dra .. aDd lift fore •• on 

objecta which i,.terf.tre with the airflow. Drag force. are de

fined •• tho .. force. due to dynamic pre • .ure whicb act in the 

directior .. of ~''!' flow, while lift force. act parpendicular l-? 

the directior of flow. Dra9 and lift force. are a function ~i 

.. veral variable. including air fl?V c~racterietics and object 

ehape, .lae, .urface tuture and location on the object. 

'lbe reJ..ationships oetveen dyn .. ic pre •• ur. anc! 

the force. acting un an object are expre.sed in ter_ of dra9 

and lift coefficient.. The dr&9 or lif~ actinq on an individual 

surfAce due to dynaa1c pre.aure i. 9iven by 

where 

l'. • C.qA. 

FL - total dr.9 or lift on the .urface 

eg • dra9 or lift cc,effici.nt f01 the .urfa.r.e 

q • dyr. .. ic pr •• sure 

"-2) 

A. projec:"w area of .urfactf perpendicular to the air

~low fo~ drag or parallel to the air flow for lift 
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The total dra9 or lift fatee ~n an ob; ,~t 1_ 

given by a _t.ilar equation 

FO • CoqA 

where 

Fo • total drag or lift on ttA object 

Co • dr_,; or lift coeffit:ier.,t for the ob}~ct. 

q - dynamic pre •• \.lr. 

(7-3) 

A • projected l'i:ea of the 01: je<::t ptlrpendl.cular to t:£ 

eir flo,", for dr<-,) or pal al' .. cl to the air f' .. ;Hi ~or 

aft. 

The total ohject drag or lift i •• imply ~~A vector sum of dr.9 

or lift a,:ting on individ,Jal sur :.ce ..... nd, theretore, the ob

ject d~ag or lift coefficient i. ~e sua of coefficients for 

incUlfidual .'ll"face •• 

For struc~~ral d!sign or analy~i., ~orces act

ing on ulodividual sur~ac&s ratter than total d,'",,<- or lift oare 

generally requir~3. urd;ortuna1.aly, afpropr iate coefe 1C lents 

for a variety o~ shapes cestinj on .. flat IiUrT4Cti. .0.1 O\'E;r the 

rar.ge of pr .... ures of inter.st 10 nUClear problems are lacking. 

With a f~fI exceptiona, IIIOst dl t. cons; '.~ of total drag coeffl

cient~ :>n ~bj._t. in the free t ir fIe;" (;.e., a .... ay it· Oil', the 

grc-und .urfaee). Fiqure 7-5 ;re •• nte obJec. 0.;;.: cot:>fficl.ents 

ior four. object ahApes in t~ free-air flow. As can ~ aet~. 

toul object draq coeffielen f •• v.ry .iqnificantl~ "'l~h peak 

overprea.ure. Figur.) 1-6 pr·lsent. fro::lt surfa:e And rear s .. r 

fac.drag coefficients for a circular disc. It should be noted 

that the rear surface coefti ~ient i8 neqatlve. The negative 

dr.9 rres~ur •• Are the r •• u~t of cortices forrne<~ at the d1SC 

edge. The sua of the front And rear surfact! coeft iClent .... ~ 

uqual to the t.otal drag coeFficIent for d"SC5 glven 1n Fig. 7-S. 
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The cveffi~_ent. in Fi~~ ;-) and 7-6 may be 
used fo- por". ions of structures w!u.::h ar j "",-!">sed pririlAl _ly 
to th'" fr~-air flow. A'ditionsl object dr .. q a,.d 1 "ft C04tff i
cier ..... ior larious struct.ur.t.L ,har-es aro shown in Fig- 7-7_ 
Non-zero li=t coefficlents occur f..Jr una)'1llllletrical or non
DOraalli orienterl .h~pE.< rhe data are for overpressures less 
tl'.a~ ;:;0 psi (13.8 N/~m2!, Applicatjon at hj.-.her overpressures 
~hruld be guided by the plate results ~resen~ed in ~iq. 7-5. 

Prote::t:ive faciliti ... of .a.t. interest consist 
of encln6dCi atructurea r~8tinq on the q::'ound surface. Dres 
and llft coeftici~nt~ fo' individual surfacee aa a function of 
overpresllIIure lfvel for Iiluch structures are liJIited. Viqur>! 
i-a ~~~~ent. averaqe -urtac~ dr.~ coeff:cients at overpressures 
les8 than about 100 psi (69 N/ca2 ) for three diffe~ent enclosed 
structt' ea restin9 on a planar surface. The coefficients assume 
ideal ailblast conditions. Figure 7-9 present a detailed in:or
mation,n the va.:i.t:.C'n vi th ov.rpr£ssure of the average drag 
coefficient on the surface of • ~ge exposed head-on to oyna
rlllc presst,re. Recent finite difference calculations (Ref. ,-18) 
ioo.cate ~t ia reasonable to uke the drag ~effic:ent cn a 
wedge or incline facl~,g away froa the propa9atir.~ airbl •• ..: as 
about -0.2 as a first: approxiaation for all cv~cpre8sure. and 
[or a~gles of inclinatl0n lea. than 90 degrees. 

~ra9 ~oeffl~ients for prec~r.or alrbla3t ~aves 
differ somewhat frOlt' those undet" ideal shock cc.nd:'tior.s. 
F~qure 7-1r presents drag coefficients for s6veral object 
shapes restlng on a piaoar surface due to precursor affected 
waves. Also shown in Fig. 7-10 are ~xpressions which relate 
tiD~ise the loads a~tin9 on the fro~t surface to those actlng 
un (,ther £urfaces. The ti~ expressions represent a delay kx
t,,'eeo ap~l!.cation of avo 0'. -:Ie loads on the front face and bac:k 
l.'ace 0- roof Al">'" are used ~v ohtain net loads acting on thE; 
5tructur~. In these expressic~s. U is taken equal to the 
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.~~,,*,,~~~H''''1$.~t~~~~.tlC';'t'r,·,.,"!:. " 

precuraor ".va velocity. Precuraor ,.-ave vel"lcities for various 

burat cOM_,iona Are given in Fig. 7-11. Aliditional il·tormation 

regarding ideal and non-id.al drag loading )0 do~es and archas 

ia includ~ in a :ater paragraph. 

7.2.41 ~/eqrou.nd Closed Rect~n~ul .. x: .§~~~ 

Aa an ideal blast wave encounters the front face 

(aide facicg t~e point of datenaticn), it is refiected to some 

hiCJher vAlue which i. a func1 ion of the peak inc.ldent o-'erpres

aure and the ori.mtation of the ,sur-face with r~spect to the di-

rection of proPAgation of the shock front. The bl.:1st, wave then 

bend. or diffrActa around the structure subJe~ting first the 

aide. and roof and finally the rear face to pres£ures e~ual to 

the incident overpreaaure. At the same time, these surfaces 

are alao aubjected to dra" pren.ures wi.ich are a function cf 

the dynamic pres.ure and drag coefficient for the !ii·,rface. 

The total presaure on any face ia assumed t~ be the algebraic 

aua of the ove:o..pres.ure (or reflected pressure) and lirag prel

auree acting on tt.~ face at any instant of time. It- is neces

.ary to con •• der the loadings on t.he front. rear ami. rO<lf sur-

faces of completely cle-sed 1 ectaD', ulrll. stTu':i.."res .;cpal'lltely. 

Since it i. usually assumed U:'lt the. blast waVE: may Q'PPI.oach 

frolll an}' direction, the side and rr..ar walls arc normally de

aigned using the same techniqueE< as fol.' the front wall. 

a. !::~F~!:. 

An idea~ized rp.preeentatlon 01 the load 

acting on the front f~ce of a rectangular structure 

(Ref. 7-12) is ,shown in Figure 7-12(a). The maximum 

pre •• ure. Pro' i a tahm equal to the pe k reflected 

pressure or. t.he face. For AIl u·.-erp"essuJ:e pulse which 

rises instanu .. neously trom ze~o to its pE::l'k value, the 

rise time, t
r

, to peak leflected r'ressure on the wall 

surface can also be tak~n a8 Z~ :'0. For cases ",here 
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t~ti ri .. to peAk overpre.sure is accoepliabed in a finite 

tt.e, ~~ max~ intensity of reflected pre.sure, a. well 

aa the tiae variation of reflected pre.sure prior to ~he 

&tt.i~nt cf it. aax~ua value. ia uncertain. 

The reflected pressure .. y be •• ~uaed to 

decay U~.I"ly frca the peak to a value 

wb"'!"4i1 

Pao{t) + cdfq(t) 

'.a(t) - overpre~.ur£ a. a function of tt.e 

C
df 

... drag coefficJ.ent for front .,,'rface 

q(~) - dyna.ic ~e.Bur •• a a function of time 

(7 -4) 

in a t~, t a , known a. tbP. stagnation tt.e. The stagna

tion t~ is the tt.e required for rarefaction fronts to 

.ove into the rC9ion of r.flected atresK from the edges 

of the .tr~~ture vhi=l. can~nt contain the high ref:ected 

pre •• ure (Ref. 7-19). 

The .ta9~A~ion t~ is relat~d to the 

raretact10n front speed by {Ref. 7-19} 

where 

2S 
ts .. c: 

t •• s~agnation time 

(7-5) 

S ... :ealit distance from stagnation point on front 

f ace to the edGt: of the structure 

Cr - rarefaction front veloci~i 

The stag,ation point on the front face i. defined ~o ~ 

that poin· at which no l~teral flow ~cur.. For a rec

~anqular structure with its foundation flush with the 

ground surfac~, the quantity S would be equel to ~he 
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height of the structure or one-half the structure width, 

Whichever is les8. 

The rar~fa~tion front velocity may be es

timat.ed by (Ref. 7-20) 

l[
P + P ~ + P l' [P + P (P + P 11jl/2 

sOpo o,_sOPo 0 + 6 I ~~\~-+ P: + 6 
C J ------ (7-6) o P + p p + P J so 0 ro (J 6 + 1 6 -----,-- + 1 

Po P 60 + 1'0 J 

where Co is the ambiel,t speed of sound in air. The r<il:i') 

of rare:'action -Jelocity to shock front velo'ity (' .. /U doe~ 

not var} significantly with overpressure level (e.g., 0.87 

at 10 psi (6.9 N/cm2 ). 0.70 at 1000 PSl (690 N/cr./). As 

a reSUlt, Eq. 1-5 can be expressed to a reasonable appro)(i

mation at all overpressures by 

t .. 3S 
s U (7-7) 

whel-e U '-." the airblast shock front veloc __ ty. Equation 7-7 

has been recommended in the past (e.g., Ref. 7-11) based 

upon shock tube data at 10101 overpressur<? s. 

Reference 7-10 states that if the rise time 

exceeds the stagnation time, t s ' there is no reflection 

process and the f~or.t face pressure is equal to the sun\ of 

the overpressure and the dynamic pressux-e time histories. 

If the rise.time is less than ts given by Eq. 7-7 but 

greater than zero, it is conservative for design purposes 

to take the peak reflEcted pressure equal to that. for a 

riJe tim~ of zero. For analysis of an en'_ ~ target, ~t 

would be conservative to <\ssu~e no reflection occurs <lud 

the pressure is as given by Eq. 7-4. For a vertical sur

face, ~he variation of reflected preSSu:0 prJ.or to J.ts 

Dlall';'1IUBl v.llue can conser'Jat:velv be taken to te linear 

from zero to maximum in a :J.me equal to the rist time 

of the overpressure Dulse. 
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The ide.liaed reflected pre •• u~e loading 
.hOWl) ln Fi<j. 7-12 is not upre .. n~atJ.ve of aU point. 
on the front f.ce of the structure. After r .. chins a 
lIIA. ... i.-- value, the Jec.y of reflected pre •• we .t any 
point i. dependent on the dietalee of th.t point frOia 
the fr .. edge of the .~ructure. The idealiaation .h~ 
in Pi'J. 7-12 {al 1.. r~ndod •• a r..,.eonable an)ro)~i
aation to the average l04d on the frunt f.~· 

If the fron~ face of tbe .tructure ia 1n
clin4td with respect to the ground surface. t." bla.t ,,'.ve 
doe. not t.pinge on all el ... nt. of the vall .urfa~. at 
the .... t~; rather. the wave fror.t traver ... the wall 
b a h.nit ~ tt. equ.l to U.} horiaontal projection of 
the wall div~ded by the .hock front velocity. The general 
nature of the loading on .~ch an i~li~ .Lrf.ce can 
_till be charact.:iaed a. 1ndicated in Fig. 7-12(8;: ho~
evex, the ,ariatior with time dU4inq the build-up to 
.axi.a\a pressure. a. well a. the dec"y fro. this .. xiII" •• 
to the qu".i-·.~ettdy-.t.te condition. i •• U~j£i;t to an 
~ven q:eater uncertainty tha~ exi.t. 1.n the c~ •• of the 
vertical w.ll surf&ce. p.,r such. c .... it i·~ rec~ •• ded 
that the ~ise tLDe to .. x~ reflected ~ra.~ur. be takl~ 
aPDr~laatelv a. the tran.it tu.. of the aho~k pul •• acro •• 
the i~Ain3d .urface piua the ri .. ti .. of the overprea
:sure P\11cae. S1milarly. it i. rec:o.'lended that t. line"r 
decay fra. peak reflected pres.ure to the condition of 
EQ. 7-4 in a ti .. interval equal to 35/U be u.ed. 5 ia 
taken equal to the di.tance fro. the .tagnation point to 
the edgt'! of t.he .~rface .. a .. ured on the wall surface 
rather than .10nq its projection on a vertical aurface. 

It .~uld be not~ that on an inClined 
surface the reflection factor. by which ~. peak over
presaure ia multiplied to obtain the peak refl.~~ed 
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preft.ure, and the drag eoefficient, by which the dynamic 
pre •• ~e i. aultiplied to determi~e the dr.Ag pre •• ure, 
~y with the .lope of the iL:lined .urtac~. The influ
ence of the Angle of incidence on reflection and dr.g 
coefficient. h&a been tre.ted in paraqraph. 7.2.2 .nd 
1.2.3. 

b. Rear race 

A. indicated ~reviou.ly. the rear and .ide 
wall. of a structure are ~C', ... lly designed for the .... 
1-.144in9 condition. a. dle front \fall, .ince the bla.t wave 
lady approacfi the .truct,,~·. fro. any direction. However, in 
order to perfora analy ... and to determine the net hori
zontal force and overturning IIIOID.enta actl.ng on a .truc
t~e, it i. nece.aGrY to deteraine the presaure. acting 
on the rear face. 

Th~ loading on the rear tacu of an above
ground closed rectangular st4ucture i •• hown in Fig. )-12(b) • 
No pre •• ure i. felt on the rerr face until the ahock front 
reache. that peint. Uair1 the .... tiae reference a. for 
the front fa=e. average pre •• ure begin. to build up ~~ 
t:.ot back face at a ti .. equal to the .length of the struc
ture rarallel to the dir zlion of .hock propaqation divided 
by tne velcx:h:.y of .hock propagation. At itODIe later tiae 
~fter the rear face haa becoae completely engulfed in the 
blA.t, the pre •• ure reache. a .. xiaua value equal t~ the 
.ide-on overpressure reduced by an amount Pqual to the 
drag pre •• ure, which acta a. a .uction ,n the rear .ur-
face. Since the overpre •• ure pul .. doee not imping~ O~ 
the rear face, there i. no Tbflected pressure. The pre.
aure on the rear fl'ce j .. &~",\..ed to build"up l.inearly in 
• tiae equal to 4S/U or the ri.e t lme of the overpres.ure 
pulae, whichever i. greater. S ·.~nd U are defined in the 
.... manner a. for the fron~ face. The linear variation 

460 

, . \~~"'\ r 



of pT ••• ure "ith t.l.IIe a~ duriYl9 th1a blUd-up perioci 

ia only aD appl"oxiaat.iOll ••• it. act.ual vuitllt.ioD i. "n

cerUi~l. Aa 1n t.b't ca •• of the r.flect..cl p.. ••• ur. decay 

on U·s froot. face. the a •• WMd iinaar ri •• "ith t.iaIe ir 

not indic._lve of any particular poiDt on the rear fac •• 

'I."b-> •• ~t.a of t.he r.ar face adjacent. to ~ fr .. adq ... 

Csf t .... t.r\ac..tur .. ,,111 tir.t, re<:nive the !,fl\laDC. of the 

_bock pul.. and. a. the pr-l •• urlt t.revel. around the .t.rliC

ture. tba .ntir. r...r face i. l<>edad. 'I'ba pre •• "". vari

ation ... ~ i. r~ed • .a a ~aona.b1. avgraqe 

conditlOil to be cc:s.ldarad tOI; t.M ent.ir. raar face. 

Appropl;~. __ ~,!" •• , .;,.nffic1acat.. Ar. 91vea 1ft paraqraph 

7.2.~ !== ~~t.araiaat.1oc of the dra9 10&41n9 on the rear 

ftM:: •• 

Por larva yl.14 ..-.poa. .nd .truct~.a of 

nor.al p~t.iOl\., it u vwally Nt.i.factorJ' to ic;nore 

tbe .ariat.iOD in t.ba fr .. -field ~fhlon. betw.en the 
froot. .;.~ rear fa~a of tIM atruct,,,,,.. It ..ould be IIOr. 

correct to con. icier tba deer .... in free-fi.ld overplea

aura &..lid dyn_ic pre.GUra con.1.~ ... t with .ft 1Dcr.... 1n 

!:4nq. ~l to the l8ftljJth of t.bf' IItr .oct"". in t..he cH rec

tion of abock prop&qatlOftJ however. thi. decr .... ia 

u.iually 110 .... 1' .•• to be of litt.l. conaequ.nc.. In the 

ca •• or vary lug. at.ruct""lt. and very _11 ~pon., 

tlw clwn98 iD fr .... fl.llS coDdiUOP .. bet.wen th. front 

and re&l: f.ce ... y be "Ilqn1.ficant. pA)-"icw.arly at v.ry 

h~gh cverpr ••• ura lavelr. In auct. c .... , variatioae 1n 

"'V8rPraaaur. and dynaai..: pr •• aur. w1th rang. should be 

taken into aCC'OWlt. 

c. ~ 

Aa the bla.t. vave paasa. ov.r the .truc

ture, the ~f loadiD9 at: any tt.. i. ;,tqUAl to the ovcr'

pres.u~e reduced by a nrqat:ive draq pr ••• ur •• or auction, 
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•• aociated "ith t.he flow of .1r around th. structu.e, 

Sine. a finite tu.. i. raqu1re<i for the .hock ",ave tc. 

~ravar.e the roof of tho .tructure, the average time to 

..x~u. pre •• ure "ill be 9re~ter t.han the r~se time of 

the overpr ••• ure pul... aec,uae of the lateral ~xtent 

of t.he roof aurface parallel to the directlon of shock 

propaqation. ';he r.al loading i. a complex fu;}ction of 

both locat.ion on t.be roof .urface and the t iJne-<1ependent 

variation of the over~re.aure pulae. The average roof 

10&d1nq ahown ir. 1'19. 1-12(c) 1. conaidered .teason ... ble 

for de.iqn or analyaia. The total presaure riaes linearly 

from aero to a max~um value in a time equal to the tTan

.it. time of the .hock front acrose the roof plus the rj Be 

t.ime of the overpre.aur. pula~. In ~st cases, the ri •• 

t.iat of tl •• overpreasure pula. i. emaIl compared to the 

tran.it tiae and can be naqlected. Beyond the maximum 

value. it i. equal at a'L tiMe. to the overpre •• ure re

duced, a. mentioned above, by the neSAtive drag loadinq. 

If the roof structure con.ista of aepll":",.te panels sup' 

ported on ~alla or columna. the lateral dimension used 

in computinq the tranait time for i.~ividual ~anels 

.hould be taken .a the roof panel dU.ension parallel t'J 

the direction of abock propagation. 

1.2.5 Su.-face Fl .. :h Structural '€leme!'lt.s, 

The 10ad8 on surface fl .. !!h element.s are depen

dent upon t;ie proxilllity of tt'e el..uDen+. to aoov .. ;;round obstruc

tion~. Three eXiUllPle. of surface flush elements are Bi.~"'T1 in 

Fig. 7-13. In the case of a sUI'face flush roof wi \:h no a:"":ve

ground obstruction in t~e immediate vicinity, th€ load acting 

1a 81Jlllply the fref;; field overpressure. Tho! averagt. load on 

th~ roof ~~y be taken au that shown in Fig_ 7-12(c) for an 

aboveqround structure, except ~h~t drag ShClld be taker. as 

~ero, i.e., Cdr - o. 
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The loadd un surface f~u4h el~ots in the vi

cinity of above<jt"ound obstruction. (1' g. 7-13 (b) ae • .] (e) alo! 

DOre complicated. Data and a fiT lyse,' ,-,oneerni"g 10308 on sucll 

surfaces are not available 1:1 the litcrau·re. Su- .. aCl: flush 

eJ.ements in front of obstructit:l1 •• will exp,rience reflectcj 

and drag pressures AS w"ll as ove':pl JS5UrE:. Elemt:T,ts ,oE''',ind 

obstructions wjl~ experience both ovelp~eosurc and cirag pres

aure and, possibly, we~k reflected pressures. 

The reqion. in which reflections and drag a1:'e 

assumed to act and the character of the lo4dings :llp~ctt'J lit 

points in lr~nt of and behind rectangular st~uctules are sho~n 

1n Pig. 7-14. In the regions both iii front C"nd ~ ind tile 

Iiot-:-ucture. drag i. asswned to .. ct over a J ellgth 'K .l to th~ 

height of the str'~ctlOre. Reflections are assum~ ::.t in 

front of the structure to a distance kS ... l.ere t i~ constant 

and 5 i. the stagnatio'\ distance defjn~ in Eq 

tion. are aS8um<.."<i not to occur beh.! nd ttw3 slructl1.~ .. 

ReflE'':: -

The assumed loading at a point wi t!d n a :iI'tance 

H ahead of the front fGce of the structure consists of the 

free field overpressure up to time t l , at which ~ime the front 

vall reflection arrives at the point. Th'l reflE:cti. '1 g'"'OS to 

zero at tilDe t2 after which the pressure is taken e.s the ft'ee 

f~eld overpressure plus a drag pressure aS5umeJ equal to that 

occurring at the front face. 

The l06ding at a point within the Qn.g r",gion 

behind the stcuct;ure is taken equal to the loadinl on the back 

tac~ of the structure (Fig. 7-12(b». The arrival time t3 is 

assumed to be the arrival ttme of the ovecpressure shock at the 

rear wall of the structure plus N/U where R is the slant r~~~e 

from the top of the structure to the [~int. 

The character of the reflc~ted shock at t~e 

front wall i8 shown in Fig. 1-ISia). The reflected pressure 

time history above the overpressure ti~a history is callad 
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APr(t). Tha.p*&k reflected pre.aure Above the peak overpr.a
.ure is defined by 

hP .. P - P ro ro 80 (7-') 

Rareraction. fro. the froot vall edga. or roof 
beqin to erode tbA reflectioo at tt.e given by 

where 

5 
ti • C

r 

ti - tu.e at which rarefactiooa .De9in to erode the re
f lect.ed .hock 

(7-9) 

S - stagnatinn diatance 

Cr • apl;ted of sound 1n the air afte~ reflectiOfl (Sq. 7-6) 
Th. tilMt II~ whici. the reflection 1a cc.plet.lr eroded ia giv.n 
by £q. 7-5. 

The reflection front IIC)V •• acroae the region in 
front of the strueture back toward the burat point at an approx
~te .hock velocity with r.apect to th. structur. of 

where 

u - u - U L r (7··10) 

Or .. reflec..-.t shock v.locity with r.apect to the atruc
ture Ca •• WDed fixed in .~ce) 

Ur - ref :ect." ahock rel.~tive v.!lcx:ity with respect to 
air 

U r particle v~jocity as~iated with the incld6nt over~ 
pr~~aure 

The velocit) of ~e rarefaction behind the f·ont, Cr , .xc~eda 
~r and the reflection is continually eroded as it pror~ga~ea 
~cro •• the .urfac •• 
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The diatance to which the reflection persiats 
ia 

d - ~ (7-11) 
where k .. y be estt.8ted for overpre.aures greater than about 
1 p.i (0.7 N/ca2) by 

k - R (7-12) 

The reflected ahoc\ velocity 4ftd rarefaction velocity may be 
eat~ted from Pig. 7-16. At overpre.aure5 greater than 10e 
pai (69 H/(.2), k ia approxt..t.ly 2.7. 

~he change in the reflected pul.. 6S it propa
gat •• away from the wall is illustrated in rig. 7-1S(b). 
rigur. 7-15(c) sbowe the approxj~te variation of APro (Eq. 7-*) 
and r.f!ection duration .s • function of dietance {rca ~ 
front wall. 

RecoaL~~ed average loadinga for aurfa=e fluah 
elements whi.h extend outward from a vertical waH a diat&J)ce 
D which 1a les. than the height of the wall (i ••.• surface. 
loc6ted within the drag region) are ah~ in Fig. 7-17. The 
ti .. par ... tera are defined in the figure. The average peak 
reflected pre.a~re above th& overpres.ure, ~Pro' is taken as 
a weighted average o~ the APro acting over the length of the 
surface D uaing rig. 7-15(c). Th. drag coefficient., Cdt and 
Cdb , are the drag coeffiaients C)r the front and back _all 
aurfaces, respectively. 

7.~.6 Abvveground Closed Arches 

The loading on an aboveground arch due to an 
ideal shock i. similar in many re.~cta to that for an above-
9ro~ rectangular structure. Major differences in lo~ding 
re~ult from the curvature of the arch. The angle of incjdence 
betwe.n the advancin; ahock front And tba surface being loaded 
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varies continuously azound the arc~. Tnua. the reflection and 

drag coefficienta ~lso chanqe with location on the ar~~. 

It i8 usually aa.~ that the shock wave ap

nro,;:·~hes the arch 11 1 direction perpendicular to: it. lonqi

tudinal .. :>'1';. Thi. \rection of loading wiU pl.)duce the 

largest beruiing 1DOCIe •• ta in the arch .hell and in lDOat ca.es 

determine its JUni.DUIft tr. icltocS8. The thickness of tt.e .hell 

may also be governed by the bearins load transferred t~ the 

shell by the end walls. T~~ design of the •• end walls and 

determinati~n of the bearinq load applied to lbe shell should 

be based upon a load!.oq ol.".ined with the &hock ",ave approach:

~n~ normal to the e .. d wall. As in the caae of a rectangular 

st.ruct·.Ire. the load at any point on the surface of .sn arch aay 

consist of three campor-ents: overpressure, reflected rrea

sure, and dynamic pl·essure. 

As the shock front passe~ acrosa t~~ arch. each 

point on the arch i~ subjected to .. radil~ly appli~ pressure 

-;qual to the o'JeXpreSliure in the t'hock wave at that particular 

point dnd time. While tl~p. shock front is tranaitirag the arch, 

it is assull>t!d that the arch is SUD)ected to .:onstantly v~xyin9 

,·tOnunifOI1ll raJial loads. After the arch l.8 cOlftpletely engul: • .!d 

in th shnck wave, the overpre~sure is considered to apply a 

~niform radial l~ad equal to the tiMe-dependent overpressure. 

If the span f the arch if very l~rge and the duration of the 

over"'ressure pulse is vl~ry small. it may be desirable to take 

aCCOIJIl':. of the variatlon of overpressure intensity around the 

arch. 

As the advancing shock front impinges on suc

c,_a.ive points alon 1 Jo circumference of the arch. pres8ures 

are l'~ "teased by reflection. wi~h the increase depending on 

the angle of incidence between the shock front and a tangent 

to the arch at the po nt of interest. Tt." reflection coeffi

~~ent lS greatest at th~ base of the a~ch. where the tangent 
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is moat nearly vertic,l, and decreases to one at the cro\m, 

where the ahock front ia traveling parallel to the arch sur

face. 

Aa the at-.ock wave passes over H.c: ar:::h, each 

point on the arch is alao aubjected to a drag fo~ce. This 

drag force is a function of the dynamic pressure and drag co

efficients, which vary frOlft point to point around 'i..tle arch be

cause of tho change in angle of incidence. Th~ drag loading 

i. a.8u.:Aed to ;>roduce a nonuniform, time-depel,dtmt. radial pres· 

aure aro~nd the arch, not only durinj traTlliit of the shock front. 

Uut aleo .fter the arch ia completely engulfed in the tlast wave. 

Tl.e preceding paragraphs clearly indicate the 

conplexity of the actual &irblast loading on an aboveground 

arch. Although a substantial amount of effort has been expended 

on studying the problenl, the lo~ding still cannot be rigorously 

defined. One of the more extensive efft)rts for low incioent 

overpressure levels is suama.:ized in Ref. 7-21. More idealized 

loadings of the aame gel.e ... al character as those p-r:esented in 

Ref. 7-21 Are given in Ref. ,-10 anu are reproduced herein a~ 

rigs. 7-18 and 7-19. Design procedure- for complex loadings 

of a fOrLI similar to those shown in Figs. 7-18 and 7-19 are 

presented in Ref. 7-21. 

Reference 7-22 recommends a simpler loading for 

the design of abovegrour.d arches whtch may be used with singie 

degree o~ freedom models at low incident overpressures. The 

10adLng is based upon the assumption t~at an a~ovegroun~ arch 

loaded by a shock ~ave traversing in ~ direction normal to ~ts 

longitudin",~ axis will respond in two primary model>: (1) a 

breathing mode consistent with a uniformly ~P. 4ieo radial pres

sure and (2) an antisymmetrical flexural mcde corresponding to 

a load applied radially il1.ard on the windward (front) side 

and radi~lly outwa. i on the leeward (rear) side of the arch. 

• The first of these modal loadings, referred to as t:he compI,,~ssion 
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aod. ia 'llualrat • to Fig. 7-20(a) an~ i. id~fttif1e4 a. a 

·,r.J..fora radul load .::f _qnitudE- Pc' The.econd lIIOdal load

l.n.j. the f le,J(\u'al lIOde. is .. n antiayte.lIetrical load of .a9ni· 

tude P" aa ill~.t~dted 1n Fig. 7-20lbl. &r:h of the •• ~~l 

<7(Y"PCnenta .lre .... u.ed to va~ y with .. ime AS i •• crib«d in Ute 

lollowl.nq paulqrapha anc' as shO', • ~n Flg. 7-21. 

Aa ah?Wn in Fig. 7-21:a), tbe un~fora radial 

pr.a.ure Pc ia aa.~ t~ lnceeaae lin, ~ly feo. zero to a 

_xiAua value of P av' th~ :ree-field aldoe-c.., ,\verpre"sure. 

lr .. llDe tr 91ven by 

tr - (l - .1.), (7-13) 

where 

t - tranai t time of t.he abock wave acroaa tboa .tl"Ucture 

• half the central angle of the arch 

't ti~£ 9reater than t r , ~~ unifurm r&dial ~~~n.nt o~ loac

lnq 15 ~SE'~ to decay ~itu ~ime in the .... manner aa the 

fle8-f!eid overpr, ;A~re. 

F ~ the flexural ~'e. the preaaure pulae mAy 

he coo:lt.idered ... tvo components: (1) an in',tial coaaponent Pfl 

rf'sl.:ltln<: [r<""'1 the uns)'1fWetr leal lO, .. ~5 mpar+-ed to the ar.::h "E 

.''1 Sh0Clr yavE' paahes ov~r th ... It'ch and (li a drag component PU! 

ff!a.ultlng ~rom the contl.nuincr drag lo."dlng .fter the a;:ch has 

b~en eFl9.J.l too by the shock wave. Theli~ cOlllpor.anta are ah<''WTl 

in Fig. 7-21(t) snd 7-21{c). 

The inltial component ot the flexural .ode, 

Pfl(t>. is a •• ~~ed to increase linearly to a NAXimaA value of 

P. 
l.;~ 

I Cdqo I 
• [(1/2) + (t/w))P.o - Ii: i 6 (7-14) 

at a tl.Jne ~/;. and to de<:'.ty linearly to If' .. -" a~ time (1 + 3¢ /~ j 7, 

U st • .JVn in Fig. 7-21 (b) . 
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Ca' "'hif~ Ca.pr ••• iOll &.oM1", (a_ Fiq. 7-21 for var1aUon with tt..l 

(b. rl_,u'.l Lo.MilnoJ IS ... Fl,. 7-21 (or v.r .• tloll w'tr ,1101.,) 

Fi9ure )-20 Conver.tionalized 81.at ~oad\nq on An Arch 
(Ref. 7-22) 
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Th. draq cocponent of the fl.xural loadinq. Pt2(t), lncr ..... linearl¥ to a a&X~ ~alue of 
'da - <f/.)Cd"o 

at aU ... (l + 3f/'1) t end tho.t" •• fter r ... ins approx;\Jute1y equal to 

Pf2't) • (./'I)CJ~(t) 

(7-15) 

(7-16) 
The initial 4.~aq and c:o.ponenta. of f Iexurel loading ar'~ C08IbiMd a. ahown in riq. 7-21 (c). Por the 104dinq8 Iohown L. Fi9"" 7-20 and 7-21, aero tilDe i. taken in all i.latance. to be th. ti'H 5~ which th •• bock front first reach. the windward sarf&ce of th~ arch. 

Th. drag cQCf!ici.nt can be taken liS ';;I,~roximately O.~ for a nearly ideal bl~.t ~'ve when the peak ov~rpre6aure 1. 1 ••• than ~t 25 y.t (l i. 2 N,'C1t2). Por hiql.er peak o~'erprell.ur.a or nonideal wave for.s •• uch .s CAUSed by ~ precursor, it i. reooa'leDded that Cd be tUen a. about 1.0. A later paragraph includ.a ~ ... aadditional h~tc.=-tion re<Jardifl9 precursor .ceqion loaain9a. 

The cCllGbilWd flexural 10aoir,9 i8 obtained a .. a au..atiOll aL any t.iae c.t ..he tva 104din9 cOl'lpOn~r.t5 p(] an<! Pf2' 'thua 

Pf(t) • Pfl Ct ) + Pt2(t) (7-1n 

The ~implified la.4in9S of Fi9S. 7-20 and 7-~. are c»ai4ered r .. 8On.ble for. IUny CAS.1' of deSign or analY5is at lOJ Clverpre.sures, .-ploying single d"!lgree of frt'edom mc-1els. If circuaatances warrant aDOre rigorous anal)8i., the methods outlined in hf. 7-21 zuy be utilh;ed. Althougi, the loadings uaed in the procedure. of Ref. 7-21 6ce a DOre realistic repre..ntation of th. actual loads on an aboveqrou:d .-ch, there are aub.tantial uncertainties regarding the parameters used to define the load.. ~he ~lexity of the loading and analys~8 presented i.1 Ref. 7-21 lBAy imply a grsa~~r accure('y than 3ctually exiats • 

478 

" 



__ ......,... ,_~_"._ . ..,' "~.""' ___ ~ .. ~_ .. ,.. __ "_,~,.,,..,...._~"" __ '" •... __ """' .... _" v_~~~~"'_-.1"'O' ......... "VI" __ .~*""-'l'iI'P~.,..,.,,~.,,·j· .:*"5~~~":",1~' ·'i:,~:;:~ ... ·.~(:.c .. ---;.~:r.:lf.~~:..~~\·,··~.;..." , " 

".l.7 Abo~o~nd,S!~~ 

Th. leeds induced by airbl.at QI'I aboYWqrrAind 
.:lose4 dc.eaJ are si~il.r it. characteristic, to t~ r"n above-
q~un4 clo~ arches. ~inition of th~ 10&4 at • ~pecific 
p<H.nt on a dOIIIe 1s e,,-en ~e 00IIP1ieated. hOWlavel', dl,e to the 
three-dimensional curvature of • dotle. 

Reff'rence 7"21 presents load-"q ach_a for 
.~~e91'ound -1011lea which are baMd upon .. Hu.r" .... "ta aade on 
t..H! ;fllt'face of 50-toot US.2 a} baM -.liatOet~r. to-d~ree 
cefltrrl ar1Ie doeea in Operatio~ Pi~b. ~i9ure 7-22. fro. 
~f. 7-10, ~hows a ~re idealized ~r.ion of the da.e loadinq 
ache .. presented in Ref. 7-21. but it atill represent.s a coa
plex prpsayce diatribut.ion var~inq .i~h ti .. and location. 
ltoni<otNl wave f.:>nu would alt"'r belt}: pe." pre •• ure values anet 
yariation witt tiae. 

f' qure 7-23 present.. a aiHspli tied load distri
bution for doaeF (Ref. 7-22). whi~h i. at.l1ar to that. for 
archee. except that the simplified loading a~knowled~. the 
loogitu,iinal and latitudinal val' ~ation. aS8OC.~ated wit.h the 
reflectud and drag coaaponents of "h~ :oad. 

As in the case of archea. it i., reca.Mnded 
that fQ; single degree of freedoa analyaes the 104d1nq be 
taren .~ ~oa?Osed of two parts. one part correspond1nq to 
the COIII(lression mode of response and the other t.h.P antiaya
_trieal or f~exural lIlodt: of response. These loadinqs are 
illustrated in Fig. 1-23. The unifo~ c~rea.ion ooeponent 
of load has a ma~~mum value equal to the pea~ side-on over
pressut'E', P so. It halS a rise tiMe equal to that giVen in 
Sq. 7-13 for an arch, after wieh the pressur~ de~ay. in time 
aa the frt~.e-field 0'erpre8sur~. 

The flexural component of load varies ;n tine 
with both latitude and longitude. The latitudinal variatio~ 
can be taken as shown in Fig. 7-23(c). The load ia asau.ed 
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• 1 __ a .. Ily ""til 10lIl91-

tlMh ' .. ca ... 1_ at 
• • o· to cero at • • 90-

ri9ur~ 7-2] Slast Load1nq on an Ahov.,round ~ rlef. 7-jl) 

411. 

to vary a!nulloida11y frOll 1\ aaximum ve1ue at til" SPA inq liM' 

to aero at the crown. The load is also aS8ulM'd to vary sinu

aoidallr, with longitude, fr08l II maximWII at !J '" Q" to ftfTO at 

e .. :!:. 90-. The reter;-r.ce line for: !:l is a hori %'mtai radial 

line throuqh the center of the dome and groul')(' zero. The 

title vt1'~i .. tion of the load is assllllled to be the ,,:.mE> as that 

given in Fiq. 7-21 for (he flexural component of the arch load. 

As for an arch. it is convenient to aeparat,C' t.he flexural 

loading into two components for subsequent single degree of 

freedOlR .rualyaeB, onC! carL'.spending to the unsymmt:"t.f iCill load

il19. wblCh c-:::curs during the transit of the ahDck flont3(;rOSS 

the d08lle. and the othel" to be continuing forc£ resultinq from 

drag pr'!lsGure ... 

The total unsymmetrical loading, P
f
((), is equal 

to the sum, at any ti~, of ~he lnitial component, Ptl (t), and 

the drag component, PfJ (t). For til do-., i\m' tl":,c maXUTIum value 

of P
fl

, should be equ",l to 'he maximWII reflectE"d p<::<iSllre on 

the windw.;rd part of the dome. The drag compor-..':nt 13 calcu!,,,,titd 

frOfA Eq. 7-16. Both the refl~tion coefficient and the dIa~ 

coefficient used to determin .. th-e drag lOdding com;:><:>nel"lt. Pf2' 

should be chosen coraiatent with the slop,., of the dome !i!ll.tcface 

at its base. Se!ectior of refle<::tion ~nd drag co.~fficients ill 

discussed in Par<!)gr;::ph 7.2.3. 

7.2.8 Open Structures 

Reference 7-12 -\,>,.:-1' ibef! the mil Jer et feeL, of 

openings in aboveground strl!('tures. If an aoov,_'qround struc

ture has oI-"'!nings, the .lirblast loading is 5ub,LH,tially mr.l<il

fied. The extent to whu;h the loading 1S m'ldl: ;(;d .i.~ d<':.>eooc-nt 

primarily on the perc.'nlaqe of the wall sur LIn ,uea ti, t 15 

open, thereby pernllttin9 the bl(,,,t wave to p.\<" )"t,) c:,r thr')ugh 

thfl structure rather than arotlf'ld ilnd over lt, 1'i,<, ;l'()"~ '>1qnif1-

cant infl\len':(' of wall c-'peninqs 1S that thf'y ,,..rr.llt a t,;I,llldup of 

pressure inside thp- s':.ructur€'. This inter lor tll 1 :<\lJ, (,f pres

sure tends to redut"e the effects of oveq:r£'ssutf' ~)n ,)j 1 elements 
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of the .t.nK:tu~e. If t.be .... ovecpr .. aure .ct.a oa "- fl'ODt. 

and r .. r .ufacea of _ el ... nt., ttae .. t. lCNlod. 1D8ofu •• ~-

prea.ura i. CODearoad. i. aero. The iftteriol' pre.aure IKIl14.ap 

i •• coaplax proce .. which ia • funct.ion of ..,,~..ral f.ct~ •• 

iDcluding the pra • .ura 4ifferential .t. tba opeDtDg and t.he 

ra~io of the are-. of t.be Opening t.o t.be inf'eriOl' vol.... III 

.oat. r~ .... deta~!e4 analy.i. of the int.arior pre.aure. 1. 

ROt ju.t.ifi" .nd 91'0 •• a .. ,~~tioft. are ~e retardi., t.heir 

influence Oft at.ruct.\&C.l u.poDM. 

If t.M per~.ntaCJ. c:.i ~ wall araa t ... ry 

... 11. t.he tt.a required for a bull~-up of int.araal pre.aure 

will be 110 long a. to ...... "irtually DO i"Uueaee 00 the load. 

for which tba strueture or ita al ... nt •• bouJ4 be d •• igned. 
In such a ca •• , the a~ure abou14 be da.19'" ... ~lataly 

c!oSf'~ ona. At tIM o~ axtr_. if t;be atruct.ure conai.cli 

priaardy of ope.u frUliW). the .ffect. 9f ~.a _11 ..... ~. 

<k'Ulatect.~: lit ~...s tM eatira ct.r\lt't.ure ~,. ungulfed taot.;., 1nt.er

J-"1Hy And externally •• the adv~iDg abock pa._. tIarovgb it. 

I ~r a~h a .t.r\&ct~a. the only foree. wtll@ au.t. be co:uidared 

ar. tho.. ~tad to the ral.tively ... 11 in4i"ldual .truc

tural at_nt. of t.he 11'_. ..~ t.he .. tWO "Xtr __ • thera 

~i.t. a broad ~r~ of .truc(~.l ty-ye. with v.ryiDg par
centag>.ts of wall era.ii.. It is 9.neral1y .CIII~, priaa.t:ily OIl 

the ~~.i. of theoretical .tudia., that •• tructur. can be con

#14er.o _ closed .tructze if the onen v.ll ar .. 1. 1 ••• than 

aDQt't 30 perc;emt of the 411'0 •• wall .r... For Ute.a e ..... 

the ~irblA.t lc.ad\ftC) i. f'aterained fro- the procad~ •• diaeu •• ed 

in prav10ua P4ragra.~I". ~rr structure. in which the vall opan

inq. rGpr.~t ~r. ~)aa about thirty percant of the gro •• 

w.~l area. ~ interior partitions ~o not influanca the passaga 

of the bl •• t .ave, .truetur63 .hould be con.idered open. 

The distinctio" bet .... n en open and clo..s atruc

tura ill conservativa for da.ign purpoaas. ainca t..A loadiDCJa 

tor a clo.~ structura are .ubatanti.lly more .. ~era than 

tho... for an open etruct\U'a of the .... .1.. anci .tructural 

tel 

_~._"" .. _,_~."~o-...· __ , ...... ".~~-""", .. ,-.. ·..,...,......,--...·,,,,·,-- •. ,.,..1111: ~A'! "IW~~~t.lr;~"',':"" ~lH'·'i'8\f".~$'~~.,.~ 

". 
eonfi"",.U,OD. It 111 DOt co.uarv.U". fc~ tar9&t analyah 

o~ ..... .-.nt .iace tha .e.~ion of a clo864 struQture e.

tt.at •• '. ~. a.ver. loadiA9 conditioc than aotually occur •• 
If thirt:y rarcant vall openillge are c-...a.i4ared adequate to 

perait the buildup of intarnal pra.aur. noce .. Nry to countar

act tha effact .... :.! externa".ly applied cvarpr .... ur.. it i. ob

vioua that there vill be .... re4uction at. -.ellaI' lA'rcetT . .;.ege. 

of opaniDCJ.. Sia-:e there 1. little ~1a for ~d~Andations 

at 1'#.8r ~r~tA~.s of opaninge. tba ••• ~ 1nte~ior VT ••• ~. 
18 dep&nOant \&POll tha 4aqr .. of coaauv.UU\ dasired in tlw 

••••• U'lant. It could be ••• uaect, tor exupla, that 15 per

cant opening. would &llow An interior pre •• ura buildup to 50 

parcer1• of that on tha exterior of the at.nICt\U'a. 

Con.idaring a rect.ngular .tructure. the loading 

011 the front. wall elamant,. of an opeD .t.~uctura can t» det.r

aiDed by u'utift9 the aloitJPent •• • closed 8tructura. wi t.h pro

;er eonaidar.tion for tha affact of the al..-nt·. diaans10na 

on th. U ... varution of tt .. loadiD9 c:o;apoownt;., for exampl., 

the di-.naioll L which deta~inaa the tt.a at which pra •• ure 

begin, to build up on the rear f.ea of the .truct.~. or ~la

.ant .hould, for an open atruet~c, be aqual tc:. the G.L_naion 

of the el ... nt in a direction parall.1 to tbe dlreeti~ of 

.hod: propag.tion. Fo .. & front v.ll. it ''Ould be equal to the 

thicJr.ne •• of the wall. 5iaUu1y, tha di.aenliion. S, whicb 

defin •• t.ba tt.e ~equlred for tba reflact~ pra~sur~ on th. 

front tace to dac.:.· to the eon41tlOD ~f &q. 7-'. i. nov the 

l ••• t 41at.'DCe froa the atagnat.ion point of t .• el..-nt tc the 

&49. of that al..ant. TM ~.ra.t. edga CAUl ;~ althar .,. 1'4Q. 

of the at..cuet~a or an ad'Ja Qf the wall oil8ning. Figure 7-2' (a} 

1. aD lda.li.~ repra.entati~ of ttaa loadinq of • front wall 

I!l-.nt. Mot. that tl"1 dr.g 4o~1n9 coaponant i. ne-glacted on 

tha intarior .urfaca of the wall. In an open atrl .:t."re. the 

.ffact of the overpra.an:!'e c~nant of lOAding and the dur- ~ 

a~ion of the raflected pra •• ure co.pcn~nt are 'Jr •• tly re-

d~ca4 laavlr.g pr~rily a drag loadiDCj du~ to the ay~i~ 
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P': •• INr.. For. bar •• t;ruc~n:.l f.: ... , it 1. exm.tOli,,-ed 1""
~le ~ ft091ect the ~'rpx .. ~~. ~ I".flect~ pl" •• sure 

CClIIIpOMat. of 10&4. 

ft. r.ar wall of a rectanqular opea .tructure 

1a lCMl4ed 1A a eanner .milA&' to that 0% the front wall. Tn. 

bl ... t ...... peaain9 Ulroi19h u.. .tn&ct:llr. load. the umer .11.1"
face of ~ vall with oy.rpr~ •• U1>e and r.flected pr$ssure ccm

ponenta. Aa for the hont waU. tlK 4raq lcadi~ cl7"'l?':'Y,!!mt 

on ~~ 1 ... 1.4. aurface h ......... ~ be ~liCjible An ~dft.l

iaea repr .. entatiop of the lo~~. actin9 on the reoc ~ll of. 

~ OpeD atructurf! ia abown in Vi ... - J.4 (b). Aa seen in Fig_ 

7-24(b). tbe 1,0-.:111'9 cn the interl (;\..:-i4ce of t~e rear wail 

c..t.n exceed that ~o1 t.he outai4 •• urface, and all Wlklllll ot open 

Qr partially open atructurea ahould be de.iCjned ~o w~t}I.Land 

tbea6: l~ia. 

'!he lO&.dinCj on tr. -oaf of an Aboveqround, 

0.,..., rtICt:anqglar structtlra ia ahown iil Fig. 7-2.(cl. As 

for otbfotr au.cie.~s"i. t.he net load actinq on the roof 1& tbl. 

.1Cjebra ic sua of 't.he lilt;; i:.: and exter lor pr ••• I\res. It 

.ho\lld be r.at~ ~hat, at .~ ;leriods 1n tL-w. the interior 

pre:_~re. e.ra.4 tho.e acting Qn exterior au~face., &nd roof 

st.ractu.:e.J auat be deai9ncd to resist t.hi .. ur: fting to.:ce. 

_.flection and drag l~adinq c~pc~"l. on interiu~ ~oof aur

:~eea are asa~ to be ne911gible. 

The ahielding of one .lesent by another po~i

ti~n~ bet~n it and L~~ .ource ot the bl~st i8 neglec~ed 

in the pr6cedin9 dia~~~aion. If the distances betw£en eie

~~ts ~n the direction parallel to .h~~ propogation Are 

gr .. ter than l~ t~. the i.teral rlimension of the fo'ward 

~l.-ent.. then shieldin9 et-tete are negliqible. At cioaer 

aP4lcinqs the turtlulence caufled by the fo'"Ward element .ay 

affect the reflected and ~ra9 pr .... ur. cOIIrIp',menta of !Nld. 

but: tt.e .ff • .:t i/o not auUi.cie::t!~ .. _~~!n~ to allow r'ec~n-

4at1.On of procoidur •• for predicting ~t. l&agnitude. 
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Al~~9b t~. drag coefflcient~, given in par.

grarh 1.2.1 48Su.e the .l .. en~~ stand &lo~e. they can .l.a 

be used for 9roupa of eleaents. ~1 ~n estiMdte muat ~ .-de 

of the shi~:din9 effect for clusely .~eed el--.nta, it ia 

suqqosted that t". lOAd OIl ttl .... l ..... t be ~~.UIIed to VAr) 

linearly fro. aero .t zero spacin9 to the full k~~l load 

at a sp.cin~ of 10 ~u... thQ l.ter.l d~n.ioA of ~ for¥&rd 

~.!.etII~H1t. 11' Uw c .... of ope!'" frAIK atrl.lCtur",s, the effe.:~. 

of ahlc .. d;.;:.9 are usu.ally neqlected even taouqh the distance 

betvc~n i~ividual .~ru=tbr&l eleaenta .. y be .ucb le~. than 

10 times the lat~ral d1~najon. 

Altiwugh there .re fev stcuc":ure. which are 
actually o~~n frames structures, there are .anv which oon

~iqt of simple structural framea ccvered with a li9~tvei9bt 

fr.n9;d~1 •. ~idif)< auc~ •• corruq.t,ed .-etal, cellent a.beatoa 

c-r un-einfo::ced ·t.av ~ry. Such .... .:..1. usu~lly .re inca~le 
of l:es il:~ i :Ji~ even '-__ y low pres.,urea and aCd blown off t.h4 

{,are early in tt.e loading pr~e~s. _~ile tailing. the wall 

coverlh'l lutE,<!Irts .n iapulae to th.l structurAl fr.... In 

il:lO&t coseiS. t.his i_pulse ill 80 _all that it can be Ae<jlectecl. 

~~ver, 1f lh~ wa~l covecinq ia sucb that an appreciable ~ 

pul:'J~ is Tttc.(uired (;0 fracture lt, an .sti .. "te CUI be &ll.de of 

thh flii L ~e impulse. which is then added at tiae zero to the 

drag 1 c>ad) ": :ietcrll1'!'leQ for t.he expoa4td atructural fraJH. In 

the ab~nc.! or. better inf':)cmation, Ref. 7-11 sU9',Jests 0.04 

po~~d-se~ono5 I~r square inch (0.03 N-sec/C.2 , of aiding a. 

an app{"J)(!OUd~e value of t-J.e impulse tran8lllittttd to the fr ... 

,.;y ce'!!ent-asb~ .. +:'o., corrw:;atcd ateel or alWllinUBI sidinq be

lore failure. 

7.2.9 Lodds i~ _he ~recurso~ R!Qion 

R"ference 1-1) preser.ts • cOAlpHation of data 

and flat-hod .. for pr~icti '9 free-field ail blast effects and 

<lirbt,3ISt loadings in the precursor region. Major differences 
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between i4lP.L .bock 4Jld preC\lr.or 10.di: is are' (1) .ar,. 
coap11cate4 v.vefol1U (2) tbe .baencf;, of H:flect.iona .nc. 

()I incre.sed ch:&q lo~1.:l9a. 

When the overpr •• <.IHe r i ... tiiiOe il!! yr9atel:' t.htan 

the IIt;Aqnatic.r. tUie. aa ia C)enerally the case il) the precun.or 

c8Cjion, reflt\;-:tiona do ;:)ot occur end the pre.sure .-ctii19 on a 

at:ucture .~'tace -.y De taken .a 

p(t) • p 80 (t) .. Cdq(". 

where 

p(t) • total p~ •• sur_ A8 a function of time 

P so (t) - overprel",\lre as .. fw'ction of ti_ 

Cd crag coefficient for the surfAce in the 

precursor region 

q(t) - djnaaic pressu~e aa • function of tiae 

I7-UH 

Methods for e.ti .. tin~ overpreasure alld dyna

mic preaaure tiae histories ~nd front v.loc~ties in the 

plecursor region are presented in Section lIT. Drag coeff 1-

cient6 are presented in paraqrapb 1.2.3. The into~~t~on In 

Sectil/,l III can be coaabined with ~. 7-lS to dev.lop precursor 

region load':n<ja by saethods ana10g-.)u8 to those employed t'ce

vi~ualy for ideal ahocks. 

~he dra9 coeff~~'entB pcesented earlier fvr 

archea ~nd domes &4e averAge value. and result in 3verage 

front and rear face ~oadin<ja for such structures. P~~cursor 

loading_ whiCh tAke a,-coun .. of the variatir:-n in drdg coeiti

ci"'''t with 1.:....:4t:~on on the structure l!t"e ahowl. in Figs. ]-1.'.> 

and 1-26 for 120· anc 180· nche. and Fig. 'i-27 fer 45° domes. 

Such l(\ad:'n9~ can ..Ie appropriate for use 'tilth strllctll.:.: 1 

analisis 8eLhods which model domes and arches in detail. 
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1. Cd at )0· i. l~r thAn Cd at SO· bee4.!&e of t~ bo·...nd.ry l.yer near the 
ground 2'lrface. The q(~) ia .... ure-cl at an elevation \..hat •• above the base of 
t.he st.ruc::ure and t.heEefore t.h~ ~'t) ia net &tte<:~.ed to the ._ .. "te;,t by the 
bouncUry layer. The t$n lIOdel had " heiqht, H. of 10 ft (3.0S .1. 

2. In certain c .... the value Cd • ~.4 v11! qlve un-_hath, "leqative ,1:1"..-" 
tor tlwt lo.adioq IIC~. CA.l.:~l study of telit d."_ 500". that 1n no C"IH' ,hd 
tile loadlng CO" IK>re than} ox- 4 ;-81 (2-3 N/a.2 ) below &Blbltwt. Theretore, n 
Li_. where q(tl i8 lall"9'8 .nd p,t) ....... 11, .n acllu=~aent of the la.d:nq set.eIM" 
t.o t.h."e .ini_ valu •• is neces.""y. 

Figure 7-25 Non-Ideal Loadlnq Scheme ~:~. Ar~h fur Peak InCident 
OVerprtt.fmre of luO psi (69 ~/c ... :-\ or Le~. (Ref. 7-10) 
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1. Boundary lav~r ~ff·ct on ~ is n"._ app&:-Ol''lt tJ-a. t:he plan v1_ plot. 'ftlis 
contratots with tne data on uch 10&d~nq (Soite Note 1, Flq. 7-2')). Po •• ible .ea
sons tor tIllS are 'is tollow8 

a. r:olQe SpaCl",. did ;,ot uk'!' ~ldent ::Iut boundary layer eff.c"'t.. 
b. The ~ u deere.sinq With ·1 $0 rapidlv that ,;ven thowp. the bound4Acy 

layer has actually reduced Cd' such reduction 1" not enouqh t'l be 
apf" r~nt. 

2. S~f' l'Ic,t-.•• 2 of P'i~. 7-25 

3. Te,;t data has b€.w ootaoined fra.! ~ 1IIOd~: wlth If .. 10 ft (3.05 al. 

Figure 1-'.7 Non-Ideal Loadinq Scheme - 45- Dome for Pe,k 
InCident Overpre8~ur~. of 100 pai (69 N/ca ) 
or LeS8 (Ref. i-10) 
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Tbtt de.1gft or analy.is of .tructure. aubject'" 
to precursor loadiD'I" 1s co.pUcalte4 by < ~requl.ri ty of pre
cursor vaveforM. The preU..irwry .. UW>Cf_ ~reaented in later 
Sections rely to a large ~xter.t on at.plifi.~ load1n9 repr~
aentationa (e.g., equivaJ.eht: tri •. ?\gl .. repreaentations of ideal 
ahock loadinga). M&ny precursor loadings vi!l not 4vree v~th 
auch si~lificationa. ~e analy.t or 4 •• igner vill uave to 
.-ploy ~re .~histicated analysis technique. or viii have to 
apply con.iderable ju4~nt in anftlyaing or designing struc
t.ure. in the precur.~r region. 

7. 1 GBOUND SHOCK LOADS Alit> STRUCTURE NOTIONS 

7.1.1 Gen'!!& 

In the c.se of airbl.st, it is r.3~pnable to 
det~raine the load. on the exposed surfaces of s~r~ctureG with
out tWr.ing account. of the .,~.ion of the stru.;ture. Sl·~h. PCo-
oedure is not alvays sati.fac~~~~. however, in tne c.ae of 
qround ahock loada. Ground ahock loads and structln .. :::-:lti'Ons 
auat .Jenerally be treated saultar ioualy theo .1h the con8l.der
ation of structure-aed.Lwa interaction. The load. induced on 
the a~rfacea of below ground Ftructures ... veIl aa the loads 
induced on the f(llund:~tiona of above9round auucture., are 
lnt-lINt.ly related to the lDOtion of the structure. 

Por preliainary d.sign, it can ~ a •• umed that 
the .UQaaea ac~ing on acil bearing surfaces are equal to the 
a~r.8 •• : i.n the frefl'-field Llud that the rlgid body structure 
aotiGn i. tne aaae aa the free-field Rotion. De~p.ndinq upon 
.truct~e ~s., aiap, flexibility and Medi~. properties. the 

actual stressea and atructure riqiJ body .atioi:. will be at 
variance vith the free-field atresses and aotiC'l'ls, ~speciaili 
when ri .. timea aasoci~ted with the incident free field wav~ 
are short. Accordingl)'. systea analysiS and design verific~
Hon st:!)Uld be baaed upon interaction ,~.ti.ate1>. 
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The ~:itatiye iateraction proceaa for a ~ied 

.u .. ctue in a low lJ11F«14ance • .. cl1ua a"b1ected to an 19Ci4ent 

plc~~ wave can be 4eaeribed a. followa. 

a. All the inci4.nt aU.s", .. ave strikea the 

atruct~re a reflection occur.. Becau .. of the high wave 

v.lociti •• af .tructural .. tulala conpared t.o .ost eol1a, 

the str~ •• tran .. itted to the atructur. propagat •• tbro~b 

the &tructur. alch fa.tu t.'Uln the iacident aUeas wave 

propagate. in the edjacent llediUli. As a reault. b .. 

~tru~ture 4.foraa aDd experienc •• rigi4 body aotlon prior 

to u.. iac i4ent .Ue.. _ve r_cbiDCl the ~iUII bebi .. t or 

belCM the atrlaCtue. 

,.). '1'_ effect of aU\aCture 4efOftlatjon aD4 

.otioa 18 to rell ... tba ::eflectiOD Oft the Inc14ent face 

and iaduca reacti ... tc ..... OD tbe back face (\! the 

• tructure. III a44ition, aMar fOlce. are experienoe4 

oa :.hr atructure ai4a. 4~ to relative 8IOtion betvaen 

tM .i ... -~=~"- -"'" t'.M ... ~ .. ,.--~ .... 'UIr.. In.\.tially, the 

• beara yill be oppo.l.to to tM .1ir.-:1:ion ift which the 111-

ci4ent wave i. pcopaqatiQ9 aince the st..ru-:ture is aoving 

vbile the inc14.nt w.1IV. hA. not yet cau..s aotio •• in the 

edj .. cent -.diUli. At sa.. tt... later. shear t: ...... lly re

ver ... becau .. particle velocities in the low ~ance 

edjacent aedi~ will exceed the sUucture velocity. 

c. At late tt..., th, .~ructure .otion will 

a~coach that of the fr •• fi~16. As a r.sult, s~eara 

will tend towarel •• ro and the .tr..... actinj on the 

.tructuro will approach "be .U .... S actlr.cz in the fr .. -

fi.ld. 

SOlutiou. to qen_ral .("'t"u·~ure-..diua int.&:

acti.on probletlls incorporatin~ :2ultidb .. n.ional effects and 

iIl.lastic mat~rlal behavior are Obtainable only witb finite 

~ifieren~e or finite .l ... nt continuUII cccle.. The _thods 
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of this paragraph -.ploy one-dt.en.io~.l ~el. to e.tlm~te 

interaction effects for rigid structures. The approach is 

a~il&r to one u~ in "f. 1-23. 

7.1.Z Abov~round Structure. 

, Consider a coapl.t~ly enclosed aboveground 
, '. lecunqular ~\tuctur. located l.n the auy",. .. iS"tic &irblast 

r"9ion a •• hoiom in F1g. 7-Z8(.). For period of tlllle 

.tter airbl.at arrival. the loads on the foundation of the 

stl'ucture wl1l be governed ty ~"e airbl •• t loads on trl:< ex

poatd .tructure .urface. and the .otion ()f the .tru.:ture, 

i ••. , the load. on the foundation vill be reactive loads a. 

oppo.ted to incid.ftt load.. The period of time durillq wh:ch 

reactive loed. ar. t.pGrtant i. related to the ar.al extent 

of tbt\ .tructur.. An extr ... occurs wh.m the atructure ia 

of inf inite ar~ al extent in vhict.. ca .. the fOu..datlon 10.d • 

at all ti.aes are reactive. Althou"h lat. time loads on fl.lite 

.truct~~e. will be affected by free-field ground shock, the 

reactive load. will generally doe1nate early time respons~ . 

In addit:.on, peak structl'1t'. aC':ulec4tion and peak .tructure 

velocit;y wil:' occur durinq thll ~eriod of t.i .. vhen l'eactlve 

load. ar. dominant. 

To obtain in.i'lht into average vertical fo'.mda

t;'Qr1 1044s aoo va: tical rigid body atructure IIIOtiona. consi.de r 

the Redel .hown in Fig. 7-28(bl vhere l.t i. a.£u.ed t~4t the 

atructur. i. riqi4 and that the soil beneath the structure is 

ela.tic and loaded in uniaxial .tralf:. The stresll! on tht: 

structure foundation '. then qive~ b~ 

"r(t) - vCLv(t) (7-19) 

wher. 

0r(t) - strea. on the structure found4tion 

p • maa. density vf the Boil 
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CL • l04ding V4Ve veiocity ot the soil 

vet) - vel..>c':'ty of the structure 

rrctl conservation of lIOIZIentUII, the equatlon of motion of the 
structure is 

Mv!t) .. PCLAV(tl c Ap(t} 

where 

M • structure mass 

A - are~ of structure roof e~d f~undatlon 

p(t) a vertical pres.ure-ti .. history acting on the 
structure roof (Fig. 7-12(c» 

(7-20) 

Equation 7-10 ia .. linear firat order o.lffer-' 
ential equation which auy be solved for all arbitrary p It) by 
simple n~ricol procedure.. If the early time history of 
pet) is approxuloited by .. trh.Agular decaying ahock ot the 
fona 

where 

pet} • 
t- (; -t.;) 

Pm - aaxt.um pre •• urft 

to • tot.l duration 

o " t <: to 

t > t 
0 

then Eq. 7-20 has the closed f,').l'm 8")lution 

r( j;CLA )( ) 1 v (t) "': m t 1 _ e - -..-- t 1 + ~_ _~_ 
"CL l peL Ato to .J 

(7-21) 

i 7-:1.2) 

for t <-~o~, .. E.quation 7-22 may be written in ncnnalized form as 

;JcLv(t) 

~' -1(1 - e-
6t

) (1 .. ~) - TI (7··23) 
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vtle.re 

eCLAt 
~ ---~ 
1 .. ..!.. 

1;0 

The variatle ~ 18 :ae ra~lQ of the mas. of soil contained in a 

prl~ of area A and length ~Lto to the mass of the structure. 

~uation 7-2~ 1S plotted ln Fig. 7-29 for variOUS values of 

6. It can De seen that as the ma.w of the structure increase. 

under a .pecific set of sOlI and loading c?nditions (i.e., 6 

decreases) the peak structure acceleration and velocity ar.d 

peak fo~.(tion stress decrease vhile t~ rise time to peak 

Velocity dld fo~ndation stress increase_. Rigid atructures 

of fini'~ mass never achieve the re~k free field ~elocity. 

The normalized ti.iDe. T., at wh'.:::h the peak 

a ~cture velOcity is reached i8 given hy 

till 
1 
~ln(6 • 1) (1-24) 

The peak normalized structure velocity ia ~illlply the normal

ized free-field velocity at the ground surface J.lt nOrl'lli,lized 

time T., 1.e. 

;C!.v. _ (1 - lID] 

~ 
(7-25) 

~he decay of normalized structure velocity 

(and normalized foundation ptreas) parallels the free field 

normalized velocity (and stres.) at :ate tir~~. The latti 

time decay is the ..... s in the free field dt a normalized 

depth given by 

Z e 1 
c-t"" :r-

L 0 v 

K 
pACLto 
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wher~ Ze i. the effective free-ti~ld depth corresponding ~ 

late tlme structure velocity decay. The depth I. define. the 

bottom of .. pris. of soil haviR9 a total ..... equal to the 

mass of the structure. 

Although it has been as.u.ed up to this point 

that the soil behaves elastically. the solution to the ti~ of 

peak r:tructure velocity ia valid for all .. ~_terial. with a linear 

lOddl~q =od~lus> Thprefore. the solution say be used for .s

tima. U''l peak riqid body ,'cceleration, structure velocity And 

foU;~..!"t.lon stress and the tilDe t.J peak atruc,ULe v.locity for 

SOl_a ~~r. uni~xial etrain behavior can be approxt.ated by a 

Ilnedr model (~ee Fig. 5-15), 

The response 0f the rigid .a~s at ~~s beyond 

t"'·, ~ i~ of maxim~ structure velocity is dep(':"dent upon the 

U~~ 1,,:, .·;:1 

are ~:J <. 

b<'-havlor of the Joil. Boundinq "olutions to l .. havlor 

,JtlC scl.ltion dt:,·,.t-ed above and the .clution fo· 

matt:llal \;,nlch unloads at CC'.3Unt ,,-oluae (Fiq. 5-15{c». 1'he 

differentlal e<{Ilations for H.e rlu.ponac of II rigid "II. resting 

on a material ",hict. loads linearly and unloads at constant vol

~~ are d~rived in rAf. 7-24. N'~rieal results for the ea .. 

[ .. t~ arE- preSf>:lted in Fiq, 7-)0 tor foundAtion str<l •• and in 

Fl<J. 7-31 for structure velOCity. It Cal. be been that up to 

the time of ~imus structure velocity (and foundation stress, 

elast.ic be'"avjor and bilinear-no recovery unloadin9 behavior 

are :l.d" nt:.cal. 

Beyond the ti..IK of _xiaWII structure velocity, 

elastic results and oilinear-no recov~ry re_~lts differ. As 
noted e~rlier. tte late tiae elaa~ic results approach the 

fre~ Leld conoi"i",.s at depth Ie' Aa .. y be seen in )':"9_ 

7-30, the fcar.{',t_on stress in biLr:.s&r-no recovery l4aterial 

for t,e pr'-,b.t~1I\ ir vesti911t.eci l!! Iso approaches the free field 

str~ss at depth %c w~ich is equlvalent ~o Ze for the ela.tic 

C3$e. Th.: structure veloci,,:y for e bilinea.r-no recovery 

,~asc a:"q-, arp.:-oa::hes the free field velocity at late times. 
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It .bould be noted tMt- .. be free field v~loci".? ·-"cay is ~n-

4~ndent of <k.,>th (piiu·a ... :raph 5.3.2) and, thtn,>fc.re, the fr\ie 

field velocity decay at de,,~h '. is equival.ent t) that at the 

tnarface • .s. well e. aU other depth. within ~,,: of the sl.lr-
•• 0 

face. 

... ~~ upon the foregoir.g. ~t ia 8~qJes~ed th~t 

e.rly ti .. structure v.;locity and touf~1lii~1.")n 5<-1:,"85 tun ... (.8-

torie. be preC1i.ced a •• u.ih~ uniaxial he!'l;;.'. 'or ·-:Jf tl1e under

lyinq soil. Equation 7-23 .... y Do! u.el.J up 7':) tiw poiflt of 

peak structure ve:o.ocity and fou, <1ation .. Ueas. The inp,lt 

loadiDCJ function. p(t) •• bould be ,",elected such chat tht; ;"111-

pulae cont.tined in p(t) up tc the tL.'4! of il4;{111lUll1 f,-,s[J;.mse 

equ~18 the 1.apube in 'he actwl loadi.'9 fu .... r=t ~on. T~ ear).} 

ti.lle accele.-:etiona ,nould utilize a p (t) whose d~cay i8 tan

qent to the ~\e":QY of the actual 10ad-.n9 t\l.'lctl"n at eally 

U.... Alternately. Sq. 7-2') IlAY ~ .O'.ved :1'lllI':!t: ically usirQ 

the actual p (t) . 

If the input loadinq contain~ a l!I.'gniflcant 

ria. tiae. t.he shock a •• uaption of 8q. 7-2J. Sola"! no~ Ylt'ld 

.ati!lfact.:ory reaulta. Aa a general rule. nwaencdl -;alcula

tiona ·l.~nq the actual plt) .ho-uld be P4rfor~'1 if the rl!.;e 

t1ae to incident peak pr.~.ur ... eta the follo~ing cIlt~ria 

t > 10M 
r - QCLA 

where tr ~a the 1:1 •• tiae to in\.'';'dent peak p·e~sure. 

(7-27) 

Late tt. .. stru.::turt: """tion 'Ii J 1 be gc velT.ed by 

aulti<lu..nliiioOl.al eff.c..tll aa woell .AS retle'.tions from under-

lyinq layt'ra. It i. expected tt.at l.te time t.(ee-·fleld groun~ 

ahock will contain ria. ti~~a ~f 8ufficient d~.~tion to ~llow 

the atn.ctu-. to ea_11y follow the fre(.-field :not lonp. JI.ccord

tfl9ly. 1 t is aU<Jge&;;ed that l"'t~ t ~IIMI aootiona and fit.:-e881f,8 ~ 

t.aken equal to tho.e in the fr ... field at ,n eUe(~t:i'''''' ... ilpth, 

'.' \.>nai.tent __ itl. the one-di.Jnensionat re.ult$. T.~ tranllitlon 
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betweell the one-d1.8eRltion.l IIOlution aM the frse-Ueld .,t.',onc 

.. y be approxbuated by C'Ontiauoua 'aired curv ... 

The approach outlined above .. y be spp\ied to 

nther ahapP.d structure. by using v~~ti~al input 1~ln9 func
tiors consiaten~ vith the structural ahape of intereat. 

The 4ifterential ia load between the front and 
re~r faces of an aboveground atructure will tend to cau .. the 
.tructure to translate bori~oatally. Resistance to trar •• lation 
is t:rovi4ed by eheu between the atruc:,-,ut< foundAtion and the 
u.nc.'e!"lyin'J soil pluto re"i.at.ance 4~e to foundation oc;bedaen,. 

'!'be f.'rce. required for the analysis of the ri9id body boriaon
tal motion of aboveground rectangular a~ructure. are .hown in 
~iq. 1-32. The equation of .otion for the .truct~r. ~s 

lis" (Pp - p.) + (Pi- - Fa) - I <Jh valFs (7-ll) 

where 

M • .... of the structure 

VB • horiaoAtal velocity of • .l\e .tructur-e 

FF « t?tal force acting on the exposed fro~t face 

Fa a total force actin9 on the exposed back fac:e 

P' r a total forc~ acting on the esbed4ed froat face 

P' a • total force actin<J or. the embedded back fac~ 

's • to~al .hear force acting on the foundation 

laqn v,,! ... the .ip of vH' positive being to the riCJht 
in Fi-l. 7··32 

The total fo:c •• on the individual surfaces are .i~ly the 
average pre •• ur •• or atr::!sses aulcipliec1 by the aurface area 
over which th~y are applied. S~ lon9 a. there ia no relative 
1IO,~,ment bctweeJ'l the at:r\lcture ar.d adjacent soil F .. rticlea, 

U:.ft shear force on tM foundation i. related to the shear 
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auai.e induced 1n the -'.,acent eoU aNi c .. be .atiaat.ecJ by 

~s(t) • ~SAV~(tl 
(7-29i 

where 

FS(t) - total ab •• 1' iOl'ce 

" • ...3 density Qf eoil 

Cs • shear wav., velocity of the actl 

A • ~rea of U .• fou.n4.atiOft 

a.lati~e .~~~t between the structure founda

tioa aDd th • .,,U will o::CUI' vb-. the inteda,:. aM.u atrenqth 

i. exceedtd. t'herefor., the abear forc. 9iven by I~. "-29 ia 

liMited to a .axial. value vhicb can be approxiaated by 

wbIIr. 

FSN(t) - lI{t)ulli + aA (7-30) 

F SJ(I ( ~) - 1lAX1awa allowable value of t.M .shear force 

.It) • total vertical forc. actiQ9 O~ the tcund.tio~ 

i · .""91e of lounr.1&tiOCl fr ictiolLYhi~b "1' Qe taken 

•• the lIJJ91. of 1Aternal frict,'.OCl , l'o;~ rouqh 

foundations 

• • Wlit adb.aiol, "tween the Lounchtion anO soil 

wbi~h mAY be takeA aa the unit coheaion, c, of 

the 80il for 1"OU9h foundations 

t'he net tranal",tional pre.s'..lre due to airblast 

.. y be deteraiDe4 by takinq ~. difference between tbe front 

and rear face lo.dinqs at each inatant of tiD.. ~he net tran8-

lat~onal .irbl~.t pre •• ur~ ~~y be deterained qraphically as 

~ll~~trated in Fiq. 11 •. 

Th. total for" actinq on the ~d~ front 

taco, ri' •• y be taker. .a 

F;(t) • loAzPfCt) (7-31) 
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"here 

KO • coefficient of l.ter.l ~th pc •• aur. 

Az • ..-bedded .r_ 
Pf(t) • .irbl~.t ~e • .ure actlbi on the expoe&d f~t 

face n"i •• 1-12 (aU 

r.lle fora.. on tJMt ....a-tc1.4 :ear face ia IU'94tll .r~t1v. snd 
at, _ taken •• 

",t.t) • ~~vB (7-32: 

wiler. CL i. the loacSiaq wave velocity 1n unluial atrain. 'l'be 

utuulal .tr.in a •• WlPtion 1IftiSer •• tiJlate. r .. le't.tlftCa iDitially 

.i~ tbe eoil aurf.ce ia tr .. ~ displace and 1. ~10ade4 un

til the .irLI.at arrives at the 1' .... of the atr.actYre. lIOWever. 

the uncter •• tawate 1s .\at expect.ecl tt'J be large. If hcnh"ntal 
.tcain. in the eol1 behind the at;':lJCture exceed abou~ 5 l-4lrce:lt., 

.;' wHI be l.,iaitecl by tt-. paa.tve r .. bt:'aDCe of the soH which 
•• y be e.tlaate4 by 

r p{t.) • (trD2 + q{t)D)A..u."l2(U- + t) + 2cDAa taA(U· + 1) (7-33) 

w!terf' 

"p 

y 

• l~itiftCJ velue ot Pi for horia~t41 .~r.ln. > SI 

• total unit weight af tbe 80il 

q(t) • vertical pr ••• ~e due to airbl.st .cti,~ on ~h. 
aoi~ Lahind the structure versus ~~ .fter the 
ti.ll ~ at which 5\ .tra~.n occurs 

'The toull vertical torce &ctiJtCI on the fmm4a

~t.~:J. II, i. t~t. which re.ulta frca the analy.i. of vertical 

s;otio"a. i.e. 

N(t) • pCLAvV(t) (7-34) 

"here 
A - ar.:.=: cf the fotnchtion 

Vv • ve%tical atnlcture velocity 
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'H.,,,,.W'·"'''' ... 'r~'m'f:;;' ·1,,;l'.,':r.\l':i~ \lJl~!!'i{1.i 

~ •• f1~.t .pp~oaillaU.OD. -(U .. y be tak ... equal to the t;oU\ 

.ertical force ~tln9 on the atructure roof. ".' In addition. 
tbe depth of ~nt w111 be ... 11 w1~h re.pect to eUuctut. 

he19ht fen .... 1)' .Uucture. and, 1n .uch C..... tJw net force 

.cting on the ellbeci4ed f.ce., (I';' - 1'.). CaD be ne<llect.ed. 

It .bould be noted that .he.r re"i.umce at. th4l 

.tructure foundation will 90 to .ero if the etructure be9~. 

to o •• rturn. ~.klng ~ta about ~int A in 1'19- 7-12(b), 
overtllrning will be'Jin when 

f'" - ral(B + aD) (';' -'J'a)D (1'. - Jl\L 
~-~-----.,~-------- + - > ~x + ----,r-~. 

where 

• - height of .U·1J~~~. above the ground .urf'lce 

D • depth of ellbedaent 

L • atruc~\lr. Jengt.h 1.11 direction of airblast propagation 

M - .tructure .... 

x • hc:..i1l0nUJ. di.tance frca .t~ lcture canter of qravit:,' 
to point A 

~he appra...c.t to the analy.i. of bar l.aontal 

.,tion. whicb ha. been outlined is expeetecl to yie.1-:1 ,,·~ob.aona!)le 

result. up until th. tt.e of .... im ... horia?nt.l vela<:ity. 

beyond wbich t.:.. re.~ .. w:ll .pproach tlw.t uf the tree 
field. Analy ... of oUaer .uuctYre aba~. ",,', .,.., ;; .ortorwld 

in a .anne% .illilar to that for rectangular atl'ucture. _

ploying loadinq. oon.i.tent \lith the at.ruct.ure .bape of iut.cr

•• t. 

7.3.1 Surface Fluah Structuro. 

The vertic.' reapon.e of • surface fluehetruc

tur. ia atailar to that of .n abo~round etrur.ture. alt~U9n 
aoMeVhet differ*Dt loadiAg conditione auat be con.ld.r~ in 
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c. ...aeU"'" ".locity of t.Ile eoil 

"ff • fr~f1.14 ve~tical particle velocltr at the 4-.ptb 

of tbe poht of 1nter .. t 

"lativa ..,,, ..... t betw.en tile .tructure ..... 

tile 8011 will ~ when the interface aheU nCeD9tb ta 
~. Tbarelor .... .he.~ .t.re •• 91 ..... by aq. 7-J:' 1. 

lia1te4 to a ..a&t.aa val .... '-.x' which can be approxt..te4 

by 

' ... (t). IIItln(V - VU'I[AOJU(t.)Unt + a1 (7-11' 

where 0ff(t) i. the free-fi.ld Yertical ~tr •••• t t.be 4epth 

clf the point at ia~.re.t. 

F.(t.) at a ~iven i.4tant of t~ 1. the int.e

gral OYer: the area of .11 vex ;ic.al .urfac •• of the abeIir 

litre •• at in4ividu.a1 point.. Under OM diaenalonal loadine) 

conditione tbe .be6r stre.. i. a function only of d.pth an4 
U ... and t.be total sbear force ~n lae written 

l',.(t) .c} t(z.'=lda 

u 

(7-lt) 

where C ia the out,ide per~ter of the .tructur. in a pi ... 

parallel to ~be ground .:.&rhce and L ia th. height of the 

IItruc.:ur~. 

Equ.1ation 1-)6 can .be inteqrat04 ." ... deally 

to e.tt.Ate th~ early tt.e vertical ~tion of the .tructe~e 

and the reactive load on the atructur. foundation. As for 

abovec)round st.ructure., the late tt.e .tructllr. IIOtioa. are 

«;;.(pected to apprc.cb tho .. of the fr ... ti.ld. A. a re.ul~. 

shear. on ~he stcu(;ure sid •• wll1 diDiniah and t.he 5tZ ••• 

o:t the .tructur. foundation w111 approach the vertical .U ••• 

in de free fi.ld. 
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~he 1IIport.ance of tbe abeu. ac:t.ift9 on • ..,. 

.truct~e vertical .urfacee 4epeQd. upon t;be ar .. of t:;fl 

vertical svf.cc. relative to tIM ar~,. of the IlUCface Huab 

.l ..... ta lo.ded by the autla.t. ahear fo:cce. "Y (Jreclolai:l

ate 1n 1~ .urface fluah .ilo. and ••• aot.a.4 previ'JU8ly. 

.Iill be the only oource of load for .Uoa wbich ue ieolatec1 

fra. dir.ct. aUbla.t. load. by headwork •• 

For pr.liainary •• t..u.at •• an4 in caae. Ift_r. 

aMI:' IUUl r.aaonably be ignored. :!q. 7-36 with Il'f • ~ 18 

prec1~'ly Sq. 7-:0. IlOraaU..4t4 8Ol:.;tinna to Sq. 7-20 for 0 

triangu~~ decayine) ahcIck bill," been giv .... in Fig. 7-19. 

IlOraalia04 8O!~ti~ t.o &q. 7-20 for nucl.ar fr .. -field 07er

pre_sur.-tiMe bi.tori ••• t 100, ~OO and 1000 p.i (69,)45. 

6tO ./ca2 ) are ~1ven in F~g •• 7-35 through 7-17 (aef. 7-2~). 

aespo ... calcalations fox' an inf~ritely l~ 

structure of ;:ectangular eros. aection lUling Sq. 7-3ti with and 

without a abear JIOd.1 are co.par, II "itl'a two dt.an.ion.ill tinite 

d1fference calculat.ions ("f. 7-26) in Fie;, 7-38. The ahaar 

.odel ''JIIployecS in tbe oftO-d~siOllal calcul.ation. .s • .....s. 
that. sbear '-tr ••••• governed by Sq. 7-36 exi.ted whenever the 

struct.ure velocity differed fra. ~t of • peint at a corre.

pondlng d.pth in the free fie:d. '!'be .if~ ;... ... f .hear on tb6 

~tructure inv •• ~19ated in .n incr.... in t.he ~at atructure 

'.·'dgeity and a ~bat 1 •• Nnad l..ilae of peak v.locit.y. At 

earl), a04 late tiIM. the e~feet of .bear ia DOt _jor. '!'he 

effect of .bear upon the structure of Fig. 7-3' sited in bi

linear-a., recovery 8011 ia .hown in ,.1g. i-19. A. in t.lAi 

elastic ca .. , s~ar incr..... the peak v.~oc 1 ty and .lesaen. 

t.be tiae of pe&t v.locity ~t. V.locity decay tends to 

approach t.hat cf the fr~. Iield. 

Fro. the li~ted c&lculation. performed, it 

appe.r. that one-d~n.ional .la.tic calculations ignoriny 

abeur provide a r~=onable est1aa~e of the peak .tructure 
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accelfn_101l wa4 "J:e t .... 0': peak .~uctw:. ve·'.-cit.y. 'I'boI 

c-ak euuctur ... loc:1ty aaloul.tat icpaorinq .htt&r app&ara to 

be a low .. bound. AD ... U.av of tNt upper bo>Jnd to put 

.tr\act.un .,.loc:1ty .. y ... taken a. the fr .. Hel4 valoc1ty 

at .. 4wrth 'e in the fr1K" f1.1.~ wbue I. define. th.J ba .. 

of • prha ~f 1t01l eDClo.inf a au. of .ail ~ual t.o the .... 

of t.l::J atract.u.re. ..1;.a,,101: aftar tAe P8ak at.rlJeture velocity 

h reached .ay De aUowed to approadl that in the fhe !ielli 

at. 4ept.h '.' 

.ether artual peak atruct.ure veloch:)' an4 

f«:nmcSat.1on .tr •• s erllf a. ... _.r to the upper or 10tMr bouncS 4e

peo4. upon cbe raJ't1ft ana of the V"Srt.ical l\urf&ce" tMNr

ing apinat .011. 'hear wi ... l be very !.IIport.ant for Ion: 
Yertieal .~lo. and D~ric.l celc~lat~on. ahould take a -

count of ahear for .uch at.ruct.ure •• 

'I'M ~ly t.i_ bori~ontal IIOt.lon. of r.x: ... .I1(j"'-

1M ,urface tlu.h .tructure ... y 1M: e.tia.ateei by U .. ~ 

_tlllOCl ue.4 for aboYe9roW14 5uuc:ture.. In th* .upar MilRic 

refion, t.he loacSa,at .. rly tt.-. OIl the ~rtlcal .urface 

facin, ,1'OWII4 :cero are due to tho aUbla.t groun4 mock S:TQIHI

fatiD9 down ... rd vt\lle tbll load. on tbe rear t .. ~ are l.a.r94tly 

reactive, reaulting fror t. .... at.ruc:ture IIOti:m S.;.nce tIM 

,round .hock 1. propa9_tiav in a b.ar vertical dlrectiun 

(1.e •• near parallel to the front .,..rt.1cal b.o.:) xefl.-,..t ... on. 

on the front. faee can be n89lected. 'l'he load ..... u.ed for 

horiaont.al &naly.i. are .bD;m 4.n .19- 1-40. 

where 

An approxial.·_e equati«. of -..ti.o;;;) ia 

NtH • ~H(t) - p.(t - t) - PCiA'H - ~a(t) 

PH(tl • total horia~nt.l furc~ ~ae to qroun4 ahncx 

acting- OIl the front face of t.he atnlctll re 

Fa(t - ~) • totaL hori.ont~1 force due to 9roun~ .hock 

act inC) t"~ tho re4r f.l\t:e of diE: ctructure 
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Su&lecupt.1I or ~ec;rlptll 1. l .... J Are 4ehnod a. fo11'*-' 
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l - SlIM f~. 

, - /)O~ t~ f lee. 

" is d.h~ •• the b_-f~eld Yertio...l atre •• _t M,cS-clepth of 
f. Ute .~( ... ct"a-(! 

Fi~wre '~10 Lo~. Conaid.red in Ho~iaont.l ~}~AOn AnaJyal. of 
Surface Plu.h i\.ct~ft9ul.r Struct"ur •• 

"'u(U 
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"t'"'' 
Str .lCtu~e ... " .... 
F.la.t:c Senl 

. '. (" 
I, 

1'19'l:"8 7-41 I'ect .. nqular 5tnjcture lturie.J in IU.atic Half-Space 

SIt 

to 

u 

length Qf structure in the ~irection ot air

bla.t propagation 

• .ir~last .hock front velocity 

I's (t) '" total shear force acting c-\ t.he .t.ruct.uce 

and t 1. aea.ured frc. tbe arrival of CJ •. 'ound .hock at the 

aid-beight of the lIItruct-u.. It 1 •••• u..ci dUll: p./Jei ". 

ahaar ~Ailur. doe. net Oc..:cur in the aoil beht:-.d the atr.ac·· 

tur.. .l'h .... auap.ion CAn ;':Je ~h.cked by £q. 7-30. 

The totAl force Acting on the front of t~.e 

.~.ructure .. y be tak6n A. 

Fa(t) • ·oftIOtf(t) 

wher. 

.0 · c~fficient of lateral aarth pr •• sure 

Al 

Off(t) 

~ Are. of t~ fron~ tAC. 

fr .. -fi.ld · .. ertieal .tr.ss history at thE' 

aid-depth of the struct.ure 

(7-41) 

The t.er1ll l' B (t - ff) account. for t.be tree field .tr ..... e~
pect.ad to be iapoae4 on t~E: rO:llr structure face due to air

bla.t. For hi<Jb yielda Andler relativ.ly ai.ort structures, 

the atr •• s-tiJle hiatcry on ~.:.h. r ••• : face ... y be tallen equ"l 

to that on the front face e.cept diaplaced in tiMe by L/U. 

For low yi.ld. And/nr ~~n9 ~t£uctuc.s, account .hould be 

tak.h of the difference ir fr •• field atrv.sea at ranges 

corr •• ponding to th. fron~ and rear ot the structuC4. 

The total .~ar ac~.iD9 on the structure as a 

fUl:ction of tilM abouJ.d be t4lten .a the SURI of the tota ... 

abears acting on the sidea of the st-ruct:ure and the st,,· ... ctur. 

~ ... i .•.• 

I's't) • 2F~{t) + r:ft) (7-42) 
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wt..re 

": (t) • total f,hllar &cti"9 OIl an incHvldual ,>t;;nacture side 

r~(t) • total .hear actifti on str~cture base 

'rbe .. verage eMU atre.s .l\ctiD9 on the .uJ'fac:*tt ca 1 be a.L~ 

qoverl111d by Sq. ;-37 al'ld 7-38 where the fl'. Ue~ et.re •• an:! 

veloci ty .. re defined at L/." .. t t.he mid depth of the structure 

for r; and the bottOli of U. at.ructure fen F~. It the atruc
tw:e ia espe-,ially long or deep, aCCQU"lt ab:>uld be td{en of 

the variation of the free-field stress and vel?City with lo~a

tion on the structure in calculatinq the ahears .. a well aa 

Fa and FH• The v .... i .. tioa 0: shear with location w .. s treated 

in the 4L&lyais of surface flusb atructur~ vertical reaponse 

diacuaaed pr:ev1DUaly. Late ti_ horizont .. l IIOti~ of sw:-face 

flush :;tructurc~ will approach tM SIOtion in the free f~a~c!. 

The gar.r .. l approach to ~ horizont .. l SIOtion anal:~ia of 

reeungul&A atr;acture. l.S applicable to other .struct.ure 

types ~lthough additional ~lexity ia intrOduced by sh .. pe. 

The approxl~tion of • (~ylinder by an octaqunal sh .. pe ia dis

,;;;ualJed in tbe followi419 para9raph. 

'/.l.4 Buried St~lctur •• 

~~ analysis of buried st!'UC.urflS in the super

aei.-ic airbla.t r8910n is complicated by the facv that stress 

",",vea propagating downward will reflee': at atructur.:: surfaces 

whici. are l..n the path of prop4lgation. The aue .. " acting on the 

roof of a r«:tangular rigid .t·uctur. buried ill a half-ap~ce of 

.1 .... tic lIOil (Fi9. 1-';;1) at sufficient ti.pt" au that free • .;.r

face reflections do not influence rempen .. durinq the time of 

1nter •• t may be approxi~~ted by 

Ct(t) • 2o ff (t; - pCLv(t) (7-43) 
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~ "~_~,.,,, .... ,~ ....... , C/Ii-"~" r,·.t~·~'i'.w.:.~ .. ~.,."",1;,~.l'~~'·'·i':,t!~ 

where 

0t(t) • total stress .. cting on t~ roof 

0ff(t) - incid~nt .tre •• vave in the free fteld at the 

lecation of the structure 

I> - .... density of the 8011 

C
1 

& comprej.ionu~ ~.ve velocity of the sOll 

v(t) - velocity of the structure 

and it ha.4J ~ ... n a.suNd that the Btructure illi of rf,iatively 

large area. The atre •• actinq o~ the baae of the structure. aa 

1ft the ca .. of •• urface flush or abOVetground atrllclu.re is 

O'rCt.) .. "C'LV(t) (1-44) 

w.-here .11 Ct) is the atresa acting on t.he base of the stet'cture. 

¥ber« 

Equations 7-43 and 7-44 can be rewrltten 

0t (t) - 0U(t) !. pCL·~v(t) 

0t. (t) - total stress actinq on a structul'e S',n'fdce 

,~erpendicular to '.:.he direction of inc1.dent 

wave propagativn 

t.v(t) vtt(t) - v(tl 

Vfflt) - free-field particle velocity at the depth of 

structure 

(7-45) 

'!'he .i9n of the second terlll is f' .. ken 45 pos.ltive for lncident 

faca. and neqAtlve for reactive face~. EYUAtion 7-45 indic~tes 

that the stress on II ."rl\~tJ'''e con61sts of the free fIeld stress 

plus or minus a tp.rm w~ich ~. related to momentum exchange ca~sed 

hy the presence of the 6truct~re. A relationshlp oUDllar to 

Eq. 7-4S i~ expected ~o exist re~~~dle:s of materi~l stress

strain behavior. struc;ture ilihap~ or struct.ure rigidIty, i.e., 

the externl,l tractions 011 a structure surfdce will be the tree 

field str~.S acting on a plane parallel to the surface MOdifl~~ 
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by • tara r.l.ted to the diff.r.nce in fr~-ti.ld and .tructure 
vftlocit1... Of CO"", tJ\e functional de~.nce on v.locity 
difl.r~c. will be ~r. coapl •• than in tbe on. d1a~n.ional 
• 1~8tic c.... Equation 7-45 and It. gen~;aliaation lead to 
t~A obvi~~. but ~rtant concl~.iOft tna~ ~ever tb •• tr~c
lur. velocity 4iffer. fro. tha fr .. fi.ld velocity, .tr ..... 
;!ff.rent frca tho .. L~ the fr .. fi.ld .ill .ct ~ the .truc
ture. Sinc. buried .t~ct~~. of finite .... cannot r •• pond 
in.t.nt~eoQ.ly to .D incident wav., ~.fle<'~ion. vi11 paz.i.t 
on .urfac .. facinq the prop.&gatiD9 incident ~V. for ... tUle 
tollowinq the arriv.al of the •• ve .t the Gtructure. The dura
tion &nd iJapr'rtance of t.n. reUectione c1.pu"¥l upon the .... 
and .i •• ~! ~he structure, the properties ()f to. -.diua, the 
ri .. t.i .. ~f the incident wave and the fl.xibility of the 
.t:ructur~. 

Firet ',rder e.tiaat •• of the rellPOn.e of buried 
Te.:-t.anqular stz uctures; say ~ obuined by ... thod. eiJIilr.r to 
tho .. 1\pplied to abOv.ground and eurface flu.h .tJ:ucture.. The 
equation ~f MOtion in the vertical dir.ction negl~tiny .hear 
can be t.ken a: 

Hv(t, + 2pCLAV(~) - 1Aoff (t) (7-46) 

F.qu.tion 7-43 i. of tbe ~ fora •• Bq. 7-20. For.a tri.n~'l.r 
dee&yill9 .hock '~ ... t of thot fona 

where 

Gff't) · en

-

0. - aaxiaua atre •• 

to A tot.l duration 

tt) 
o 

o <; t 0( t 
o 

t > tc 

(7-47) 

And l i ..... ured fro. the time the _~v •• trit •• the .tr~ct~r., 
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,,.. .. "';.-,'.-~~~ .".",.~~, ~f"o/~\"'''''l<I.~~,\,,,,1"' ,.1>,<'1<+"*-_ •.. ......, 

~. 7-41 h •• ~ ~lution 

pCL v(tJ [( -lh) ( 1.) ] ---- l-e 1+21'-1 c .. (7-4') 

W4ere 4 and T ~ze defined •• in ~. 7-23. Morr.al1a~ aolutiona 
to 8q. 7-48 .. y be obtained fro. rig. 7-29 u~ing a no~liaed 
.... ratio ot 26. 

Th. r •• ponae of a buried .tructuru havinq IS • 16 
is ca.pared .ith the r •• pon .. of an id.ntical •• uf4ce flu.h 
structur. to the .... in~~t .tr ••• hi.tery in rig. 7-42. The 
.tr ..... acting the rex>f an4 ba •• of the buried .' t"'.lctur. &r. 
shown in Fig_ 7-43. A r.flected str •• r ~ith a peak v.l~. twic. 
the in..;1dent Peak .tr ••• per.ist. on the .tru(;ture Y:oof for IK*e 
tiae. The effeet. of the refl.cted .t-ro •• ia .. higher ini Ual 
.tr~cture accel.ration, • higher peak .truct~re velocity and a 
le .. "er t.iw.J ttl peak at.ructure velocity than occur for the .ur
f_",,: fl,lab .truct.u.·.. Late ti .. behavioz apPl'Oachea that of 
·.he fr~ field in the vicinity of t.he .tructw'e. 

Th •• ffect of shear on 4 buried atructure anA
lyzed in Jne ~~n.ion i •• hown in Fig, 7-.4. A. for the 
url.ce f:.lJah r ... ult. pl •• ented in ri,~. 7-38, .hear cau.'u: 
an incr.ale in peak .tructur. v.lvc!ty while the time t~ pe.~ 
valacity ~ ... lna •••• nt.i.lly ~chang~. Lat. t~ behavior 
vith and vi~ho~t .hear i. almo.t id.ntical. The result. of a 
c.leu~.tlon allowing two dimen.ion.l soil behavior are alao 
shown in Fig. 7-... Th. two dimensional r •• ~lt.. are ?6cillatory 
a.~ .bow • peak velocity high.r than that of the free-fi~ld. 
The oscill.tory bebavior is belieVed a •• aci.Jted ",i~h tl.. boundAry 
conditions of the two aiman.ional c.lculation which provided 
path. for di.turbances reflected from the .tructure to return 
to the iltructur.. The .ccuracy of t~\e coraput.ed peak velocit-y 
1. unknown. Ov.rall agreement between the one dimensional re
au!t~ ~nd the two dimen.ional calculation i. believed reasonabl •• 
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In the ca ... of ~v.ground and .urface flush 

~tr~ctur •• , it va. $~9gest~ that one di.ansionai elastic 

solutions provide r,taaonabl. estimates of behavior up to the 

time of peAk respon... S ch i« not the case for buried 

8trL':tu ••• becaus. th\.' 8tL' ••• e. acting on tne roof of the 

structure are dependent uron material b+;b.a'lior iDClediate:}' 

upon th .. incident atress wave striking th ... £::~ucture. 1n 

addition, the ar.a of the structure affects the duration 

of the reflect.ion even for the ela.t~c case. The elastic; 

solution does. however, plovide a vorst cas. solution. 

, <.:on8ider flrst the eff ... ~t of &lterlal inelas

ticity. Reference· 24 presentlll a formulation fOI' the one

dimensional responae of a rigid mass vithin a l114u,rial which 

10&4s ll.nearly but does not recover atraln upon unioad .. ng . 

For an in~.dent stres. vave which aay be app~r~i~ted a8 a 

triangular decaying shock. t~e ... xi.UBI duration ot the l"1'!

tl~tion on the structure roof i_ 

where 

Zs 
td '" C

L 

td • duration of refle~tivn 

'a • depth to the structure root 

CL • loadln~ va~e velocity in the soil 

(7-49) 

and t is taken as z~ro at the t~ .. the inciaent wave .tr~kes 

the roof. After time td the 3tre~6 a~tin9 ~n the roof 16 thE 

8&1118 as the stre8. acting on the tree surface .~ve t,'\e roof. 

i.e. " 

a (t) - p(t • ~:) (t ~~ t d ) (7- 5t') 

S28 



'.~'I::f ... .J..t •. \ .•. ,I.\'. , 

"'e 
ar Ct) • Ye:'"tical .~h.a acting on the roof after tt..e td 

p(t + ~) - ~"t.ic.l atrea. acting OIl the ground aurface 
, L .1'0\'" u.. ftructure 

~ loadftd are. of a a~cture ~111 .ffect the 
duration of • reflection Oft • buried atructure juat •• the 

ar .. al'fflCta airbl.at reflectioa. on ~round .tructu..:-ea. 

aar.~ac~ioaa PrGPe9atiD9 f~ the edg .. of the .t~ture will 

cau .. cc.plete ero.ion of • reflection 1D a tiae 'Wbi.:h .. y be 

e.u.ate6 by 

.... • td· ~ 

td • duration of reflection 

• l .. at dt.anaion of structure roo: 

Cu • UDloacl1ng wave velocity 1D the 11011 

(7-51) 

Cnuaidering tbe effecta of iaelaeticity and 
fiDite areal extent. a reaaanab)_ low.r bound to the atre.a.a 
act~ on a structure roof _7 ~ ;:aL.A a. ahowla in Pig. 7-45. 

\'he ~k 1:eflee _M atr •• a i. ::'wiC'e tl'ltt peak aU-e •• of the in

cident "ave at toe roof of the structure. '!'he ref lection qoe. 

to sero ati· ae te which i. t. ... lesser "allM given tty Eqa. 1-49 

or 7-51. ,.... ftrttcal IIt:re •• at tt.e. greatpr thAn td i. giver. 
by Bq. 7-50 and 1a taken .. trlanqular where the illpuhc of the 

trianqular aurlae. p: laaura approlfbl"te. that C'f the act ual 

overpreaaure to the tu.. of .. xiaua structure respon ... 

Th·, lower i.JoUhd X'ehpon .. af the atructure aay 

be cJetera1necl fro. !Sq. '"!-.:;. u.ing the loadi.,q of ri~. 7-.5 .. 

\nput. deyoDd tM t~ of maxiaua reapon .. of the atructure. 

voloc1tl .. y be ••• UMed to approach the free fi.ld velocity 

in the vicinit.y of the structure. The 'lpper k'-,und response 
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~~.~~":I'~"'" .---------~,~.-.- ",.-----.-.--".~ -_ .. __ .. -.' .... 

.. y be 4eterainecl fna Iq. 1-" 8IOd1fled to laclude • Aeu 
; 

~l of tbe type .eaeribe4 114 PR"9nph 1.1.1. !'M lac14aat 

.tre •• wave ahoo14 be Ukea a. the fr .. -fieU atre •• wve 1a 

the vicln.1ty of the .truct.w.. A aipific.et 1'1" tu.. 1D 
the incident pul .. w111 rsrtuca tbe _9ftituda of t_ reflec
tion. ror ri .. U .... eq-~l to or vraater tbaa t 4 • .0 reflec

tion ",Ul occur. Ana1y .. e .. ~14 ~ .')(IiU .. to treat 1'1 .. 

ti .... if .pproprlat,e. 

St~ture. relatively near the surface "I' 

ex.pcarJ.-.ce at'r':ace ralief .. ".. whicb ce.ult froa the 1nte%

acHon of tne .. ". rcflecte4 froa the .tncture "ith the .ur

face. The .ffect of .uch zell.f .. ve. will be 41ainiabecl bJ 
rarefaction. f~ t .. at 'ucture -ve. _ad .'terial inela.-

l ~c:'tv. Ral1vf ........... 11 a) .ubaequent .trQCture aDd 

.uetac. ref1ect1oDa, wOl DOt .. rutly affect .--.It .U'ea •• eo
celer4::"n or .elocit,. IIoWYer. the reflect!,,.. ,,111 iatro
duce O«J nationa of period 2a./eu iato tha Yal,')City tt.. 
hhtory. At dapth. of burial 9r .. t4R th.aa .~ •• 1' •• 1. ~be 

1.aat dille.talon of t.be .~nacb.Lr. roof. the .ffects of aulUpl. 

reflection betveeD tIM at:.rUi:tW'. &ad the aurfac:a caa bI.;. u.u.act 
.. 11. However. the _q-itude aad effect of raflfIC,~iOft. abou14 

be conaidered 1l the oscillation. iDducecl w111 affe-:t: ladlviclual 

atructural element ... a,iH)."1_ or t-" nt.poa .. "f aqui.-.nt within 

the atructure. 

'Mae bot'iac:-nt.l reapen .. of bar1 .. ractaD9Ule,. 

atr;,;cture. will, be aiailar to the boJ.iaontal r.aren .. of .u

foACe flu.b .truetur •• 4Ind .af be aDalya" aa outl11M4 1a pu-a

CIT-pb 1.l.3. 

'1'tUe .... ly.ia o! cyl1114rical atruc1:ure. oriant" 

parallel to the 9r0un4 aurfac. (Pig. 7-46(a)) ia ~llca~ 

by the geC*tttry of the structure. Ilultidiaen.loaal efffoCt.. be

t:0ID8 iIIIporunt at: t.be inat&Dt the incident ..... trikea .. !Nt 

.tructur.. The prace •• of lnt.r action for _ 1'1914 cylindric« ~ 
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·~l'\M:t.Qft of WiaU:. }eagtIl MIt be ueodbed q.aUt.aUvely a. 

f4~lowIt. 

Vpoa :. iMJ4_t _ve .Uilt.bg ~ crwa t, l 

tile .t.ructue, tM .l"r.Il". at tIM rowa ~l •• ...s t:be ifU'laC

bIre ..,taa to aooelerat. ~ ... &'1914 bodl. Wlt.hb 

a abort ,.101 o~ ta. tile _Un bo~t.Qa half-<:y1~ ~r
leno..a au..... ct. to th6 -*100 of the C71iJ14_ lab) til. ~11 

*11. t.)a.t 1Dc:u.t _v ... , DOt haw p~ .. '" fa IMtJOO4 the 

ceo. of ~ ~UJl4er (1'19. 7-41 (b)). AM tM lQCl4eDt. _" 

Pl!'OPIl9.c.e ~, raflectd. .u ..... co~t:.iJlu. to occur OJ! 

t:be uppv balf cr11Jl4er. PNk r.fl.-et.etJ ~. be1A9 • func
UOIl of _QCjl. betweD tM 1Dc14ent. .. .". aDIII • UlalJent. to U\. 

crrli1MLilr at. the poiJlt. wher. tba Ucidmt. _"0 COftt.acu thai 

cylinder ...... 11 .. the .tructur. velocity at tiM tM iDci-

4eftt _ve uri ... at. the poiat. 

Ae fOS' rect:aD9Ular .tructur •• , the cluatl';, of 

rcfl-.:;l-.'i .u ..... .:..n t.= ,,~ balf-cll1D4_ 1. ~ fllACtion 

~ t:M ClliaiSer -..t.10ll, the 6t9ree of .011 ~1 .. Ue1t.y a:-.4 
t.~ d!lll. of Ule crrl1nd.r. ,.... 4ur .. H.~ of r.n~t.1oaa 1. 

expect.ed to be nla~1Y.ly ""! ~r" to tM cluat10ft whlch 
would ocov.r oa tile roof -:.i a ~lar .t:nct.ur. "',,'lftCJ a 
trJ4t.b 1ioICJUA1 to ~ .:) lind_ cl1 ... t:er. Ia"" ltioa. t.u •• ffect. 

of r.ntilCtad .ueu i. 41ailuebe4 beoau.Q the abock front ill

p~ :;., 4iffer.at. poa1tioee on tlIe cylinder at. cl1ff.rant 

tJ~ ("f. 7-J7). 

All apJ-co:d.ut.e enalyd. of vertical .,UOfta 
-1' _ ad. by ooaaidarinq tb. octaqonal cy11nder IIp;>rOXJ.aa

Uoa .~ 1a 1'1 ... 7-n (.) • 'l'be iDCi4aat. 10.4. act.iD9 OIl the 

nat. reqioD (-..1011 0' Ut4 t.be iJleliae4 ratione (llat1oe 0) 
ax. ahowll in 1'1 .... 1-11 (b) aD4 7-U (e). For All 1Dc14.Dt .:-.ock, 

the trtr... 1n b<)ioa @ 4. ..~ to ref lect to tw1ce the in

cident .trU. .t tbe 1natAat "f 1IIpact. '1'be reflection h 

•• r.-.4 4i •• ipated after t1 .. t~ w~~r= t4 i. t:be l •• ..r "alu& 

ije ... ~ ~ Eq.. 7-41 or '-51 where • in I:q. 7-51 18 tak.n •• 

•••• The .trus 1a lk."'91oe @ ._:~:" ti,_ t.4 ie taken •• the 
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~~#""~~~IIK4W ~~....... Jl!itwt~~._ .... __ 

f.t' .. fiaid .Ua •• at the d .. b of u.. eyl' 

tQ~l vertical load acting DO tbe cyl1Dd_~ .tl'..... in ~!..~ 0 i. then 

~Att) - O·.~A(t)RL 

""r-a 

. - cro.a. '!'be 

.• to verUcal 

P" (t ~ .. total .. 1. '\. Lcal 10lWl Oft Reg ion 0 

(1-52) 

t'A (tl .. a¥er~ .. tical aue .. in b9101l ® (Pig. 1-41 (b)>> 

a .. cyl1n11Ser out_~de radiua 

L - cylinder lengtb 

1'he Mveraq. vert-ieal cc.pon .. t of _b:e •• actiD9 

ora t.be \lppe:- incliDeCI fae~a of tM oct __ 9Oft (ltec)iOll ® » i. ~en 
&. the f~ .. field .. rtiea1 atre •• at the .~-deptb of the L~

f:linea ,rig. 7--4, ecl). The t.>t_1 vertieal 1084 actini OIl the 

cylinder ;iue to tbn vertical C'OIIIpOftent. of .tre •• ia AecJion ® 
ia 

(7-53) 

1
0 

.r.(t) -

1.24a (t,R.L 

o < t < 0.3a - c~ 

t > O.la - Ci,"'-

wh.re F.Ct' i. ~,. total vertical load on Region <!). 
'the total load re.i,ting the incident loed 1. 

uke.r, a. 

FR'~) .. 2pCLV (t)RL (7-56) 

Iqnor inC) ahe.t.r (1" s (t)), the equation of .at!oo 1. 

MVlt.) - FACt) + F.(t) - PaCt) (7-55) 

which aay be aolv~ ~rically to e~t1 .. te the vert1~1 velo

city tL":Mt hi.t0rl up to the ti .. of aaxi!'WII reapon... Equation. 

7-51 throu.,jh;-5S :uy to. alte.:ad according to the judq6.-..nt of 

the an .. ll'st: to incorpc)1..;t" tit· et'Zeet. of a ri .. tiae in ~ 

incident .trees wave, shear O~ the cylinder or the variat:~~ 

of the verti.:al at.r ••• in Re<jion 0 with depth. 8&y.>nd iIle 
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U .. of 1IAll~ atructure veluc1ty, cylu.cler ta.po.oae i. ex

pected to approec~ the fr .. fle14 velocity in the Vicinity of 

~ .tructure. 

Differential. in bori.~ntal load ~twe&n the 

front &n4 rear of cylinder. wi~l be of .bort duration. In 

a44ition, l0a4in~ pbenoIaaAA are twc cU ... enaional anc; iovohe 

both cOlllPra •• 1on aDd IIhear ... va.. Aa a raaul t, .laple lDOdel. 

are Q('t readily derivable. 'I'he borlaontal co.pone&\t. of aU.a. 
OIl bot.· the front .u.s rear face IMy "Nt t..un rouqh.ll' •• the 

coefficieat of lateral ear~ p¢~ •• ure tt... the fr .. -fi~ld 

v6rt1cal .tre •• in the vl~inity of the cylinder. aoriaontal 

cyl1n4er .otion call roughl) be taken equal to the bor i2:ontbl 

fre,,-Ue14 .ation at the .tructure location. TWo diA;,ensi<'llal 

O'lde &JUtly ... ;rill have to be eaployed to !rrive at l\!:::.re accw:-

ate re.pon.e inforaation. 

1.1.5 ~unded Structure. 

Mounded strueture. (Fig. 7-4.) expel·i.hee load. 

which ~re expe<:ted to be inter.Md).ate between the l~dli on 

abovegrow.-4 .,.c, buried structure.. 'I'he inclined eut.1< hu..wd-

arie. will reduce drag and reflee~ed pre •• ure.. ikNever. sig

nificant drag aDd refLt'!t;ion will OCC.1r even for a:opes as 

9en~le a. 1,4 (~.f. 7-J8). 

'I'~ ~.a-~trir. ~Jexity _ad nonuniform air

bl.at loading ••• aociate4 vlth ..oWlded structures are !lOt 

r-.dily trAn.latable into ai~le inter~et1o~ .ad.la. H0w

ever, the bounding load. and 1I01:10na of .ounde4 .tructureis 

can be e~ti .. te4 by con~~.r1n9 the aboveground and buried 

or .urface tlu.h extx .. ~a. In addition, load. on the earth 

boundari .. can be .~tiaated frOil the reflection And 'iraq co

efficient prea~,ted in par. Wr.ph. 1.2 •• ADd 7.2.3. With a 

good deal of ju4g .... nt. the bou."'ld&ry load. can be transmitted 

OOPpOnentwi.e to the .truc~ure ~uxf~ce. and the atructure 
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," •• pm .. CM be e.timated 1:.1 .... thod •• laHar to tho •• outl ined 

.;.8 pravioua 41.cu •• ions. H1gh co.lf ,dence anolyai'l will require 

the u .. of two diaension.al cod ••• 

7.! .6 Effect of Reflections, Outrunr.lng Ground Shock 
"na Crater-Induced G'r"und Shock 

'ft,- previoua paragraph. ,..;:;~~ considered struc

ture. in unlay.ted ..cia subjected to .uper.ei~,ic airblaB~. 
In general, ~ .. k load., eccelerationJ and velocities ot .bove

ground and n..r-.urface .tructu-:-e& will oceur 6& .. relll,llt oi 

the incident .tre •• wave due to airL:a.t even in layered qedia 

and in ouuUN\ing ~eqiona. 

The ria. tiaea a • .ociated with outrunning gio;OUnd 

abock and crater-induced gruund ahc>ek will gel.lerally be aI ... fti

ciently long so that atructuraa can readil) f011,OV the .. ree:

field IIOtior.:8. Ground ahock whie). ia reflected fruJIl underly

ing lay~r. i. al.o expected to eon~ain 8ubstantidl rise t}~~. 

due to dippersion whi::h occur!» irl typical ne<,;>:"-,;urfac." soil •• 

Accordingly, the lo~. on .truct~re8 and the motAOOS of 8~UC

ture. "lea texpecte4 to closely coincide with the free field ex

cept during interactioo with the incident wave due to Airbl ... ""t 

.trik~D9 or pas.ing OV~I the atructure. The effect of inter

action will generally be a l~r re~ .truclure acceleration 

and velocity than occur. in the h ... :: field. Loadr; on incidfmt 

surface. will generally .xc~ the free ti~ld for some p~riod 

during interaction whUe load. on reactive surfaces will be 

reduced. 

SPEcial CaM. Mar occur in ",hich interact, ion 

•• t be considered for ground ahock otner than t.he l.nciQ';:nt 

wave due te' airblast. For example, strong reflections from 

interface. ot strong iJlpedfll.ce aisunatch lllay shock up under 

certain conditions. The ri~e t_mes associated wlth free field 

ground .hock ahoulJ be reviowed to determine r~quirements tor 

interaction calculation.. The criteria of :;q. 1-27 may be 

used a. a guide to .valuatin~ riae times. 
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7. 4 n~ ... 1. lIARD IIOCJf 

' ••• 1 ~ 

~ rock, typicaUy jointe&i. pr ..... u ... 
uniqlM 4iffare1llCe. COIIIiPUed \.0 .aU or .of~ roek. l,aorteat 

41~t.rence. 1acludaa 

• Dill ino4 1aal_iou 1ft ~ ........ 1981f1out 1Dberea\. 
au4lQ9th 

• St..n&c."t:ural 11 .... of pr.ctleal .ta. ani! ~ 

U.,. defOl'MUon .D!! .tren,gth ps:oput.i .. COIIIpUabl. 

t:o "'"'" rock 

• kt_U .. r.laUva 4~aplac-.sta &.1009 roc" joiau 
.. y Mrlouly af::ect et4"Vetar. nrvlftbilUy 

.t:na..~e •• 1ted ill banl roct .. y be ... r-aw:
he. or ":HIP un... .. ~. 110' t: of tbe follo.r"'Q9 4ieetaaa1_ 

CO.la.ntrat •• Oft cleep uaGuCJrO~ atrliCtur... The CIOftt:.pt:a aad 

principlti •• ho¥ever, are equally appliCable tG near eurface 

at.r\lcf'ur... Para9ra" 1.4.6 4iecue ........ ,.cia! cou14u

ati~ for .... r-eurtace .t:ructv ••• 

A 4eep UD4.ql"OUnd .t.ructur. 18 def1De4 to be 

•• tructure. bw:ied deep eDOt19b eo thPt -the 'irect-lndllCecl 

9ro>md .,tioa eff~. of • nuclear cleton.U.(JD Ue the ,overn

int ~na r.u..r than &11' 1adUC*l effee';.. Deep UD4u

,rouncl lutallaUooa CaD M ..... ftl8U"ly loYlollaerable aI'd u. 

,enerally uae4 for protection of lar,., OIM-of-.-k1D4 '.:11-

itt.. wch a. ~ a~ control C'Gftter • ...t\1ch CaaDOt '..a
ibly be ~e0e4 by 4i.penion aDd redundatlC)'. Such iIr!por

t~nt 1; ,tallation. are ~l=o.t invariably located in bard rock. 

a,..,th (.0 utili .. the inherent wtt...,th of tba cock for protec

tion and because rock i. u.ually found .t the depth. of buri.l 

lMtC ... it-~ed by nuclear weapon. of tbe ~.ton c1 •••• 

!'be .tructure. COD.lel.red ~-.r.in iAelUlS. ualiAed 

tunnel. and c.vitt... cavitt •• vith 1nt.,~.1 lining pl.ced 
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4irectlr atau.:.,; t.t .• roct, aDd U ..... ~.te4 frca the rock 

by • fl'An911>1. fUlu or Mc~kia9. ",arell ••• of u.. con
figur.~ioD, tb-. aurv1vabi1it:~ 01 the etructure 18 1.rge1~ 

. 9OftnM16 br t.Aa .traalltb of tbe l'OGk. .~tw:.l 11nec. of 

pc.cUc.l ~! .. aucJ .u~~ ~.UJ' ceanot be propor'tiOilad 

to .w:vt.,. coocJltiGe. a.lIOCuu.t witb 1arte ec ... le clo.nar. of 
I'OCk caviU ..... 

Acc:or41Dtly ... tjocJ. of predlcUIII9 the "lrv1y.
bllity of 6.., UD4ar,rouad facil1tle. are baaed 8O .. t!y ~ 

COG4itio •• 1a the ~i.tal1 aldjaceat roc:k. At 1.1'9* raD9 •• 

fraa a cJetonatioD. _liDed caviti •• with aupportlD9 rock bolta 

.. r be .efficient. At 1 .... c r...,... iat*9l'.l tunnel liQi!l9. 

.. , i.Dtt!:'~ :..~ivabil!ty tJaro'l9h contau..at. of t.h4I l'OCk, 

r •• ulU.,. 10 ... 1ftcr ..... roc~ auugth. At r""9 •• ll8arer 

tb~ apl0.101l, ¥ber. local cc.pc ••• i" falluc •• or tenaU. 
apaU. occur, b.ardeaiaeJ aay be .cClOq)u.~ w1 t.h the ua. of 

cn ...... le fU\er ..... int4lijral linc..nl bet~ the rock aD4 

facilltr. 1'be filler _ev •• to abeurtl .palled and enaehecJ 

.. tarial aad. U) r-.4\k:e and aqu&l1 .. t.be pz-e •• ur •• t :-ana.\tted 

to the liaer. 

With r.,ard to unl1a.ct .... integrally lined 

c.viti •• , lva4. i.l the context of pre •• uc. elietrUrution •• ce 
DOt couic!el'ed directly_ In.teed, rock .tr.in. U~ :H4 to 

pr.4ict the aurvivabtllty of cavitie. at v.;10u. rar.91la frOla 

aD exp10.1on. Str.in CaD be pre4j cttld with re .lIOnab: •• confi

d.nc. ancJ appeer. to be an ~.te parameter for con~id.rinv 

atructur.l inta,ritr (litef. 7-21). Str.in 1a alllO used to e.

tiaate raDCJ" .t -which Nckpacked facHitie ... y be INrvivab1 •. 

The 41acu •• lcft. bereln are re.trlctej to the 

8Ilv1ro...,.ata cr .. ted by • Qucl .. r detonation. Obvioualy. the 

cJealCJn of • f.c1Utr in l'01:k r~1,: ... .any othar U\\)()rt.a.nt 

coD~ider.tion. 1ncl~in9 .ite ~l~tlon •• t.tlc l~.d •• tectoni~ 

force., co".truction _Uaod •• thu effilet of aultip:i..e openinq., 

etc. lefereftCe. 7-:; &ncJ 7-30 pro7\ele 1QfoT. .. tlo~ en &ucb 

CODai4er.tlona. 
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1.t.2 Oall"" Cay1t1M 

a. StraiB !J!419ttGa 

ft. f:ca-:"1eU 41 "'iKtt ... 18I!uC\. J 9Z'MM ~ 
.-r ... t._ '*i'* eab1blt. ~ l~t ecatcc 1a ~ 4I&u 

u4 ""lelia 0_ .. pre4iR" w1~ .. at 00IIf'w..c. b peak 

redial puUc .. Yltlocltr. ....t.loae I-H --' s-n of 
SecUOA ... el~. b&.. .. ~ PMk ra4Ul put,lcle _1 .ott;,' 
~ )'i.14 UIG nate foe ooouu..d .,.. ...... -.vf.ce burata, 
~l .. lr. For plMt.e .. ".a. a rM8On&bla ...-...pt.~ 

at ctia~ fna .. uplcNift wbere Aoct froat CtU'Va

~..tr. U DOt -ior" ,.u ~u".cl. ".locit.1' aDIl puk at.4·ua 
.. -. ::-::l~t-~ ~ ~iw e:;oreHi-

" c· ~ (7-5'~ 

~ 

~ • ~ at~a1a 

" • peak pardel ... looit)' 

~ • loIa41ag .. ".. .-locltr ~f tM .. 1_ 

.ari~ atuaJea (~f. 7-Jl. 7-12 &h4 7-33) 
...... abcNa ~ 4Q1" b9 tbe paaa&ge of a AocJt .. w t.hroU9b 

a ~....-oG •• baUc ...u"", contaiaiDIJ • :-01. or c .. 1t.1', 
t1» .-.ui..a 6U.a.ftl, IlIII4 .t.ra1Da arOGDd tbe boUDduy of 
t:be ~.ltr an •• ..,It.tallr tM ••• •• tbo.. that. would 

exiat. 1ft t..be ca.a Q.:f • aUt.io fr .. -fleW strea. coajit.ion 

equal to tIM peak d:r-1c fr .. -field aU.... 8(', 1009 a. 

t.. ... aho:k ,.1_ l8D\Tt:!a 1. aqual to or 9r..at.er tban Ilbout. 
t:brH ...!.. ..... t.be dt.. )r of the cavit.y. t'ban·lora. it 

1. "8"--.1 t.Iaa~ :'tn aa OOftCeAt.ratioae arOUl'll4 c ca ... t., 
cr!!IllNU:'ule W t.bo_ ~--" by atatic 10&4 ..... y •• x

peCUId for "'\8 typee of .,·...u.c ';'::.:-4. coa.iderad , .. r •• :1. 
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~.~t. of ... , .. teriala io41oat. that 

~ et~a1na ~.t.aia • di.t~1butiUD approxiMat..ly' ~Oftsi.-
'-t "' ___ h .laat lo t.IIIeory ... atter Book.' a WW no long.r 

appl1ea. 7bi. t.pll .. that the tbeor.t.ca~ .tre •• con
CI8IIUaU.OIl f.ct.ol" c-.a ... iat.erpr.e..ci .. directly flqu!V&

l_t to •• t.raia COD"U.~l .. factor. ..811 .. the .. ter-

1.1 ~l." "aUv. ("f. 1-l9). ..MId on thia hypot.b
.. u, "f. ,-at preeeata a a:!..apl. proceciur. for e.t.iaatinq 

the ~~l. behavior ot t.ba oavity ¥all. in 6 rock .adiwa 

upoeed to tba .ffec:u of • allCl ..... "apoll. 
~ OOIIp" ... i .. at.z ••• (LnCl atrait<, cone.n

tl"atioD factor fer • CJ'l.iDdric&l _ .11. in an ala.t.ic: ~tqa 

r&ft988 fra. a.oo ~ ~.or. Ie t.~ of tba .tr~in COK~ •• -

poDdi.., to tha QD.I:Oftf1Ae4 C08Ipr •• I1" aUlo!A9t:.h of t.he rock 

aDd t.ba ___ tau. ~ ••• !.e .train (atr.a.) con~.ntr.tion 

f.ctor, the rllAp at tltllCb Cnaah1D9 of t..be rock at the face 

of tba cavlt:~' due to c:c.preaa he failur •• ahould c .... 

occurs wher. the p.a1l lnt.aalty c,f at.rain in the frea

f1.1d ia 91V.. by 

EU 
cr - If (7-57) 

wber. 

£r peak radial frea-field .train 

t:u atra.&.n at. ult:LJMte atrength in u.nconf1.ned 

COiIIIPr •• aion 

It •• train con"ell1:rAtion fActor (- •· .... ·e8& con

c.ntr~tion fAc"tcr) 

atr ••• c(mc.ntr~tion fector. for cylindri

cal and r~;tan9ular cavjt.y conti9urAt~on. ~~d three .tea •• 

fi.ld. ar. giv4Ul in Piga. 7-.9 and 7-5\). ~'~..:to.(·. for 

oth.r configuration. are pre •• nted in Ref. 7-30. In the 

fi~U1.a, the par ... tar M define. t~ .tr ••• Lield. M· 1 

corr •• ponda to • uni fora .Ute.. f ;.~ld. "- 0 corr •• ponda 
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t~ • _taxial .tre •• Uel4 which aJ""~ 0CC\a .~ .... llow 

~. Deer .,.· .. \..-·.1 fr .. aurface. ~ ....... l.rp 41.
pb .... ....at.a oceur. II. l/l CG~alJPOn4. ~o wtia.xial .traill 

vitia PoilJ8Oft·. rat.io equal to O.lS, " r .. .,nably .".r89. 

.. 1_ fO&'" t"OCk. ~ r.t~o .0IBo i. t. •• v14th to hel'.1ht 
r.tio for r.ct.anqular opaaiIl9.. 7be OOQC.lltratlOA fac
tor. are clerlY8d .. tna1A~ plain rtraiJl condltiOlUJ II? ." 

1i_ar1y e1 .. tic. iaotrc;?ic. ~ncoua infilli\;. -.dh •• 

Ybe laflnite .... iu. •• .u.ption 1. approxt.At.ly .at.lafied 
if tbe 4i~ froa t:Iw> opeIlill9 to tM neare.t boundary 
1. 9~ter tMn thr .. t.u... the 41Mna101l of the opan1n9 

ill ~ ... 4irect.lon of the boundary. 

b. DulAi! La,"1 Prediction 

By appropriat.e choice. of valu •• for. EU 

aACl It, Bq. 7-57 ~"'l De uaecl to eatiaat.e .urvival rancj •• , 

or ."'ge l .. ~l. at ~ivall range., for unlined cav~ties. 

Interpretat.ion of variou. t •• t re.u1ta ba. led to the 

follovill9 COIlCftpt. of d ... 9W d.fillition and prediction. 
oa.age level. are qivell aa a function cf approxt.ate 

ran9. frca a 1 NT (4.1'~ x 1015 j) .urface bur.t. Other 

yield: .. y be considered by ac~linq the 1 NT (4.184 x 1015 j) 

range. by the cube root of yi~ld. 

1. Crushing and Closure of Cavity 
(Lf. 7-29) 

Clo •• to the point of bur.t,' where 

the fr .. -field dynaaio ~~re.sive .~r~in equal. or ex

~ed. the .train a~aociated vith the coepre •• iv •• trength 

of the roct in unconfined oo.pre •• ion. the vall. of the 

cavity can be expected to crush and evan clo .. '~letely, 

without takift9 into conaiderat~o~ ~train concelltr~tion 
factors or atructure detail.. Tbia condition voulu be 

likely to occur ¥ben tbQ ulti~te atrain Ap~roache. 0.5 
to 1 percent. For a ~tarial such •• granitr. the ranqe 
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at which the .. conQ~tion. a1ght be expected to exist i. 
approxim.tely 400 to ~oo feet (122 to 152 m) for a 1 NT 

(4.114 x lOl~ j) .urface burst. 

2. Local com~re;51ve F4ilure an~ Rock 
l>rops--rne. -nr-
At range. wh.re the local compressive 

atrain aodified by the atrain conc€:ntratio), fact,);: i. 

e-;ual to the ulti .. te tailurf.: .train, aeriouu <la.r \g~ In. 

the fora of loca. ct'U.~ ill9 and rock drops can be '-.)xpecttid. 

""en thougb t.ba ope .. inq aay not be filled, large 1are48 of 

cru.hing and rock ~.lls around the edge ot the c~vity axe 

likely to occur. The ranges at which • C.Y~ly if a hard 

rock aight be expected to exhi.bit { ... Hures of Ud.Ji type. 

are froe 600 to 1000 feet (18) tc 304 m) !ro~ ~ 1 ~T 

(4.184 x 1015 j) .urface burst. 

3. Rock Spl\ .ll.! 

Rock spalla u:ay be eXf'{:cted to occur 

OIl the incident face of an unlinuU cavity l~ lvck for 

41.tanc .. up to two or tnree tit.ler thoae .::orreapondinq 
to local co.pr ••• 1ve fail.:rek The .ssocidted peak free

field C<l&t're •• i va strains vou ItS be on the order of 0.0;
~o 0.06 percent (Ref. 7-2'). Spallinq ia dependent on 

~ ten.il. atreuCJth of the roclt, the aaount of ddll\aqe 

produced d".lrinq the aininq opec .ation, and tl'8 PCf::811'ace 

uf joint., fr~cture •• and f.~lt zone.. Spalllng is due 

in part to the fot .. tion of a roflected shoc~ wave at the 

i.nc:iclc .t surtl'l.Ce of the cav:Lty, c4using tensll.e stresses 

to be in'iucec:l .; n the rock. and in part to Id t£· t:L .. e c ir

cuater"ntial tena '.on induced around the cav.1 to}" by che 
.tre •• fteld. The circWIlfecential tension causes joint. 
to Mpa:ate otlnd can tree large blocks of cock from ~he 

.urroundlug rock ..... The blocks, i.n t.un.. 1I..a), be ex

pelled into unline<. cavitie5 (Ref. 7-]4). In the case 
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of UMd "dU.... iadhi ... l block. " ...... liot with • 
velocity 01\ die «Cle.r of tM l .. te-U .. fr __ U.14 "10-
cH.~·, "'1 .. prodcJe ..... ..:roa of .... 1 .... lela .... t be re
.lated by 1:.:. .... ~-. ~,"y Uur. Cor!"e.poodi..., r8ftge. at 
which epell cu be expected to • hoard ~ .. tuiel 
are 1200 to 2000 f .. t un t.o iI •• ) f~ • I ..., ' •• 114 
• 1015 j) eurfece bur.t. 

•• ~l.t:_ .. D18pl~ta 

At .11 r.tr98.. for .tructure. ~ th_ 
~a<.1I. reI.ti". ci1epl.~t • .,U:b ..... ltud •• OIl t.be w
de.. of the PM.k fr .. -Ue14 41eplacellel\t -r occur al0Q9 
aajor joint .. u iatareectiq t.M c.vlty. ~b cli.,lace
Mrta .. y be tM A.uIt of lat.-U... joiDt .. peraUoa .., 
Hoek .U~ c r l.r~ .cale 41epl&(:~Dt .10G9 joiAt aet. 
wh1~h interaect the buret eerion. 

7 .4. ~ Intesr.lly Liped Caviti.~ 

In geAaral. integra11, liced caf1tL •• are 
equAlly ••• u.cep~ibl. as Uftlined cavitl .. to oo.pr ... ive 
t.ilure and relative roek di.placa.ent bec.uae l1ner. of 
practic.l aiae and dAterial. hAve atreL9tha .1ailar to the 
aurrOWld.usg rock. tlQwevflr. 1nt~ral lininC) ... y prevUe 
~equ.t •• trenqtheaing in r*91une of aillOr ~r .... ive f.ll
ure, in t~ .pall sone, and in region. of ..a1l-ral.t.lve 4i.
pl.c~t. At the ClUte;;; liaita of the .pall Rna. rock bolU 
.lene .. y be .uffLctent. 

The In=re •• ed cavity .trength due to integr.l 
lin1"9. deriv.. frc. two &<>Ure... III the .pall 1Iu .... the 
liner r •• tata ~palling and/or preveat. rock .pali. and loo .. n84 
bJex-ka fra. .nterinCj t.he cavity. In the reqion of .inor ~
prr .... ive taUure. L')e lining provid •• conf.i.neeant of th. rock 
and thel:eby incr ..... ~k a~eD9th ("'f. 7-)5). Evan though 
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tJae lOCk _y M frac:tu·otl w jointed •• ePbat..uad.l ir-cr .... 
j •• U.,..u i. pou1bl.. ~yp1c.l 1nttt9ral li.aer. ue COIIIJOHd 
of It CQIlCr.u lini", in COAV.ect .,1 til the roc.. "n/J .an 1DMl: 
.t .. l u.U. T_. teel .e-."I provide. cOGt ~t to u.. 
conc~et;e ~ thereby 1JW:~."''' u.. concrete .uenqt.h in the 
.... way ~ ~rete iAor ..... tbe rock .UQ9t.h. Tn. thicker 
tile .~l liAiDIJ 0:' the ,.reater ita ,ie14 8traD9th. the <ice.ur 
the atreh9tb of the .acHOG. a.c ..... I:»oth tba .teel Unin.-; ::-~ 
CODCr.te viiI yie14 bafo...-e U. wrock clev.lope ~i.wa lfcr.om'lth, 
it 1e DeCe •• ary to eaebor u... tiral)' t:~ the rock 110 thay do 
DOt buckl. 1oc.tlly aod pa.ra1t loc.l failure or t.~. rock. 
AnchoriAg 1. ba.t acbievtICS ~ rocJl bo1t.iD9 (hf. 7-:::5). 

: .... Structure. witb Crueb&bl. "c~cking ..twa... the rang. cOJ:re.ponding t.n COIiIV19t.a 
cavit1 eloau-.. aDd tb.t~ corre~1~ .0 local ~4 ••• iv. 
faUura, coo.i4ar.tbla Urd. ... 1Ag of attucture. in rock ~U\ 
ba acco-pUatae4 by prov16lA<oz a cnub.able fill.r OJ: backpack
ing batveeD the .U"\&ctural U ... r &DIS the rock c.vity w.-ll. 
a&cq,.cklft9 .. t.r~.al. of proper thicltna •• uad characteri.t.ic. 
C.&D rtICSuce the "9nitu4a .n4 DOJlUllifonoH.j ;;;,: ~ .u· ..... 
reaching the .trUctur •• r..s·.-ee the acc.ler.tiona U .. n_ittecl 
to the .t.ructure •• cc~.te rock c.vity defonutionB .and 
ral.~,i". .bloc.k diepl~nta .ad absorb apaUad projectile. 
oMd 1~"Jled rock. 

The .. jor charact.ri.tic. of • aui~&ble ba~k
packing .. terbl (ht. 7-2' aad 7-35) .1:. ,.. followa: 

• The yi.it.! point _.t be. low enougb 80 th.tt .U •• d •• 
axa attenuattld yet high .'lOugb to c •• iat .tatic load. 

_ Lacge atr.ina .t a fairly oonrtant yield .tre •• should 
be po •• ible 80 that. en.rgy tapsrted by the aeto~. 
cruahod or .palled rock c.n b4l ~rbtl4. 

~u 
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• 'floe cMl'act..t'~.t':'c i.IIpedaace eltoQ14 be .. low .... pos

aibl. wiL\ r.8pftCt to tbe .urr0uD41119 ..siUli eo that 

beneficial reflect,lODe f~ tu cawit)" int.dece will 

0CC1lI'. 

aat.eriala exb1bitin9 auCb c~act.rl.tica i~

clueS. pol~thene foeaa .... qzio\;;a l1gbtw1gbt cellular or 

fca.ecl CODC~t.ea &.n4 aortera. Su.ch _uriai ... y be produced 

with a w144l variety of yi.14 at,rengtJul ara4 cI.,.aiUea. A typi

oal atae •• -.train cu&".::! fCK a f~ concrete i. abown in 

Pig. 1-51. rbe r,.ct.en yielG~ at a ralatively conatant 

au... \&p t.o atraina of about 40'. "l-~ 40' atraln. the 

apect.ea exhibita .traln barO.~ing or 10caing type get.vior. 

.i t..'l tM UN of backpacking. the _xi_ ~,".a
~r. traa.it."': ~~ •• t.r\ICtural lia.r can be aaaUIIe4 .'1;...1 

to ~ preeaux~ ~~~~inq il.~ of ~ ~~u; ~~~arla1 eo lon~ 
... the p.IlCkift9 ia DOt .tra1ned into cl. leek! "9 region. It 

1e 1.po~:t.wlt tJwat the dydCaic yt.~!.oo:' atr ••• of t.he _t..ri.l 

be UMd. ..terence 1-3' report. laboratory .Ad BEST 4lAi'::ri

-.nta wtwtr. ~ ':.ran_itteci .tra •• wall approxiaately 61) per

cent ,reater +b&D the .tatlc yield atY-••• of tha backpacking, 

indicating pcK_.ible .train rat. ... n.l~lwity of the packin9 

.. tal-ial. 

'fn. ev.nt.. wict. occur .. • ahook traver... • 

backp4eke4 structur. are approxiaata\1 a. tollowa (Ref. 1-36)& 

• When the .bock wave eACOUnt.era the opening, the Ul

~ance ai ... tch betveml the backpack1Dg and aurro4.ld
ing ..tlua re.ult. in beneficial reflected wav ••. 

III a rock ..s1U11, con.le1.rable epalU.1\9 and/or cru.h-

11\9 voulcl probably occur. 

• Tbe t~anszitted pr ••• ur. ~v~ trav.la thr~ugb the 

IMckpaclLiNjJ. cruahincJ it aA4 eXpiind inC) energy. 

!U 
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Figure 7-51 T:'ricAl Str ••• -Strain Respon.e for Foamed Concrete 
(Ref. 7-36) 
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• 'J~ oolttenUi"N r·.,iaue ... v. 1n the ~k~Jdr..g, .trUt •• 

the structur. with a peak pce •• ur~ wh~cb 1 •• function 

of th~ 4!~lc y1.1d point of th~ backpe¢kinq and i. 

con:.iderlbly 1 ••• thAn it would be witl.o .. t backpecki.A9. 

r Ilefo,-..tion of th. cavity ..... 11 1 •• ~ated by 

cruah.Lnq of UM backpacking. In addition •• xp.lIlled 

rock prc·ject.ll •• are pr.veAte4 from u.pa ... "ting tbe struc

ture if tbe backpacking is of .Ilfficient thickne ••. 

The d •• 1gn of backpacked .tructures requir.. tbe 

aelection ~f backpacking thickne.s and y1_ld .t~.ss and •• t1-

u.tion of the load8 i..IIpo.e4 on ~he .tructural liner. Pcc:.ced1.U'e. 

fot.' detera.i.ning such ~r ... t.r •• re aU9ge.ted 4n R.f •• 1-]7 and 

7-J~. For vnifora radi.l .aVeM6nt of • cylindric.l c.vity wall. 

the pt:e ... ·tr. «tXerted nn the pecking aateri.l and trenaferred to 

t-he .tr· ... ctur.:. li .. u will be unifora. Under such conditiona, 

Degliq1ble li'ler defonution will c •• 1l1t. Bovev.r, with the 

paasage of " shock ...... SaM nonuni fora loedift9 ahou14 be .x

pected.. Thr' loads on • structural liner are aeswaed to be a 

• u~rpos1tior, of • unifora radi.l coaponent and •• inusoid"lly 

V&rylng c~)nent. Since it i. a.~ that .trcin hardening 

of the backp.lc'ting does not occu". the aua of the t~" co.pon

ent .. l.slil~ited to t!wl yield atreas of tt.e b&ckpeckin-:'. A 

aet.hod for detenaining the .. gnitude of each \..,)lIpOnent i. 

given in Section VIII .. 

The backpAc~ing thickne •• must be .ufficient 

to absorb ~.~ of tho .n~tdY imparted by the crushl.ng rock 

and must keep the cavity vaUa and oxpelled rock fa-o. cont.ct

in~ the lin. r. Energy considerations And thicknes~ require

aent. are .!.so diocu ... d in section VIII. 

1.f.5 Motion of the Wall. of Unlined Caviti •• and 
fu',lctura!' Ll.nera 

In the case of ne.r-.urface structur •• in .011. 

(paragrApr. 7.3), preli.inary e.timate. of atructure aotion. were 
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obtetn.4. ~ a.~u.1ng the .~ructur. to be rigid. Such. pro

cedure, ot course. cannot De used for .stiaat •• of unlined 

cavity NOtion.. Th. rig1d body eot.on o~ .~ unlined inclu

.ion 1. -..ningl ••• sinc. equipaent and/?r facilities vill 

be .ttacheJ t) individual locationa on the cavity boundary. 

Accordingly. ~t ia nace.wary to •• t1~t~ aotion a •• fun=tlon 

of loc.tion on the c.vity boundary. 

Consider first t~ QUAlitative .'p6~t. vi inter

ectior in en el.stic a.diua. The diffrAction of An iru. idel.t 

.ave aroun~ rectangul.r and cylindrical caviti •• is .hown in 

rig. 7-52. As the incident wave atr\!te. the s1de-on ~ace of 

• c.vit .• tensile reflection OCC"-Of and the particle velo-

citi •• on tn« side-on lAce ir.cr.Aae at • rate twice that as

sociated ~ith the incident w~ve. Also ia.ediAtely. rarefAction. 

fro. the ~4ge. of the aide-on face begin to erodE the reflection. 

At .~ later tille. the relief process ia cOlllplele and the par

ticle v.locitie. of point. on ".he .i4a-or. f.<;e allCa! .ppro~i-

.. tely t~ .... a", the particle velocity in the adjacent free

fi.ld • 

After reflecting at the .ide-on Ace, tile inci

d.nt wave proceed. to engulf the inclusion. A~ i~ illuatrAteQ 

in rig. 7-52. point. on the back or rear face of the atxu~ture 

ere not 10.~e4 .t tbe .ame ti .. that point. at a corresponding 

range in tbe fre.-field are loaded. Points on the back face 

firat .x~rience • compr •• aic~ wave tr.v~ling at the loading 

wave v.locity .nd at 8OI8e 'ater ti.llle a sheer WII\-e. 

Motion in tt, c'3pres.ion wave is largely tan

~.nt to the back face end i4 r~lieved tc be rel~tively ~eak. 

S~ronge.t motion is expected to be a •• ociated with the shear 

wave .ince tbe .hear motion i. ~n a direction moat clo~ely 

aligned with the ~tion in the f~ee-field. As the shear 

wave. pol •• through e.ch other .nd continue to opposite side. 

of the back f~c •• the motion of locations on the back face 
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"i9ur~ 7-52 D1!frac:tion ot' Inc 1dent Wa ••• Around a.et_ftCJ\llar 
and CyUMrlcfll UnUned Inclueion_ 
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approach the 8Ot' )"3 in the free field. The COOCfzpt, that shear 

~nc.e::l& CJOVern the early tillle 8Otion of the rflar facPos or un

lined ,·avitie. ia in agxeelllent "ith a recent unpubl1shed code 

calculation (Ref. 7-J4). 

Th~ qualitative de~ription of interactlon is 

quantiti~ed in an approxima~e "ay in Fig. 7-53 for a rectangular 

cavity and Fig. 7-54 for a cylindrical cavity. The parDcle 

velocity a ... '-1_ ;.i!-~ip~ of ~h .. roof nf .. rectangular c'tVity 

i. a •• ~ to ri •• to t~ice the incident free-field pdcticle 

""l~ity and decay linearly to the free-field particl~ velo

city in the tilte requ_red for a rarefaction "ave to tl."dVerSe 

lb. entire roof. The mid-point of the floor is assumed not to 

~e unti~ the .rrival of the shear "avea. Particl~ v~locity 

i. a.sumed to .'ille linearly to the peak part1.cle velocity in 

the free-field in the time requirvd tor the shear "aves to travel 

frOll the aid-point to the edges. The particle '.·eloclcy time 

hi.tory on the "aIls parallel to the direction of ip':.l.dent 

wave propa~ation may be assUMed equ-l to that 0f the free-

field. 

The time histories of particle v~locity at the 

crown and invert of a cylindrical cavity are assumed to Veny 

in a manner similar to the time historie& for a rectangular 

cavity "ith appruprHlte chan~e. in .::haracteriscic tillies. The 

particle velocity-tillie history At the spring line in the di

rection of incident vave pr0p'1ation may be assumed equal to 

that of the free-field . 

Structural liners wlll generally have dn im

pedance! "ith aagnitude on the order cf the impeda::lce of hard 

rock. ~cordin91y. the actions of points on a struc·ural 

liner -1'4y be .!stimated by considering tlH! inside surface of 

the 14ner to be the boundary of an unlined inclusion. Situ

.sti.)ns "hi--:h vary from the near-equal impendance aSt'urlp:~ion 

will have to be treatp.~ with more sophlsticated analysls 

.. tl-.oda. 
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~ .,Uaa ~f .t.nactW'a. l1JMU:a vb!cb ar. lac

laUd fZ'Oa rock b)' bacq.ck1.Dft i. DOt r ... Uy ~1. to ala
pl ....... lyd.. ~,.a ~iOA _~ll Ui.IF r • ...ml. feee-fie14 

~t1oA at la~. tia.a. P.ak atructure acceluatl00e U. ea

pectad to be latOa tl'WUl peak aocelaraUo_ 1a t.ba fEe&-:'".t..14. 

DeuUtId aaalya1a _111 require tM appUcaUoa of bIG .u-D
a100al _tboda. 

1.~.' 1Iear-Surf ace Structur.a 

'l'btl 4geP unct.cqro..-4 nreia ... ~UOft COGCept. 

ouUlMcS 1a t.be precaedlD9 are equally -Wl1cUl.. to "U aur

face atl"u'~~ ai~\ •. D E'ack. Adcllt1o.&l CODd1tlou _1ch ~at 

~ cx~i4'" are the or ieat:atloe of \.be atnacbal:. w1~ r.aJ:ect 

to tJIr. ~E'0UD4 Alrfaca ..... t.be ~teDtlal foE' -.acb lucrer relat! ... 

block .. J..ap~ta thaa oc:c~ 4.-.. WJ4e...,roa..m4. 

ftae erltlcel at'Xa.a C<lIIIPOIt~t for a neac-lNrlace 
ab'lJCture 1a .... DdltIIt to _ ..tent OD tM od .... t1oe ot the 

etz'U,:;.:tlU".. ftIe horhaet.al aUai" CGa"lOMnt 4uG to either ~ aect-

1DchIce4 or a1rbl.at-iD4ucec1 9.r:o.M .bock 18 .xpect.J to be the 

~ criUoal f« Yertkallr -xt..lilted c:ylialtua. 'I'M cdUcal 

euaiA COIIPOraeIlt for boriaoetally or1~t8CI cyl1D4.re _1.11 ;". 

.ither the .. rtlcal 41rblaat-la11luced ~~t oc tbe Iaociaontal 

direct-Ulduced CQIIIFOn.nt. A..11 auain CCIIIIpODeIlta CaD De •• U.ated 

by the .. u-04a of S-.ctloa V. at-reaa concent.ratlOD f,ACto&..:.. and, 

by ~a.uavtlOD, atrain 0ODCeDuauon i'actora for bor~.onUlly 

oriented cylia4er. ara the ...... Zor 4eep un4e1"9f0un4 eylin-

4er.. Concentratlon facton for .ertical1J'.ortenf.e4 cylind.r., 

bowaver, ~u14 be __ titied to ac~'unt for the aU'e •• condition. 

wtlici.. occur Dear the .\artaca. 

V.ry lute r.i.'tin block .otto:,UI alae, _jor 

joint aat. are po •• ibl. in ~ D&ar-.urfac. ~ion bacau.~ Q! 

the fr .. surface. Suc:h relative 4i~lae_ .. t. -J' be an Ord.lC 

of _c;r.itud. or ~r. ,I •• t.r t..ca&Q peak f.;bac;lota 41aplac_nt. 

predicted UDder ~.naooa. ela.tic, lao'..roplc •• ~tion •• 
.. ference. 7-3t aad 7-40 4.~1ba tae r~l.ti·~ 41apl.~nt. 

~S7 
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dlicb occurl'.s In tv lar,. ecal. ,iaulaUon te.t. land the

.ffact of tt_ 41.pLac.,..ut. 114)00 v.rUed cylind .. ic·al cav i ~ 18s 

and .tructua·.l liner •. 

7.5 LOIlDS to, TO EJECTA AIID P.ADUTIOII 

7.S.1 :'jecta Loads 

a;acta fro. crataring re.ul~. ir static load due 

to ejacta ,,!i9ht .UJ4 dynAlllie 1044 d!! .. .. ., tb. ispact of earth 

cl04. or ro<:k ais.U.s. On1) aboveqround and .~H·f 'Ice flush 

atructur.a .u ... ,fhctwd. llatbods for ".tim.ting statlc lteiqhtll 

.re~lYaD i .. 6eCtiulI :..... !"~'!''''''. lap.ct vill result. in a 10<:411 

atr ••• we •• and a struct~al .l ..... llt vibration ntlpo'lile. 

Beeauae of the .hort duration invo)v~ in a 

ai •• l1. btpact. the" '.bration r •• ponse of the IItructu'-,,"l .1.
Mnt -li ba •• t:.1aata4 by a •• uain9 t.ne .j .. il. f.eliver. a. !"'

pu1 .. 91ven by 

wber. 

I • Mv o 

I • total t.pul •• 

• - a&~. of tap.ctiD9 ai •• i1e 

Vo " impact v.locitr , ... Sect.j.'». IVI 

17-58) 

~h. 9ro •• characteristies of the loral .tre •• 

.... ! 4ucecS by an lJIp&c:inq ai •• t'. c; m be roughly e.ti .. ted 

by .a.uai~ that the ~,ct1n9 aia.il. ia ~are in .h4p8 (Ret, 

7-3.). ~ peak stre ... can be a •• uaed to oc,,'U,'" inatantaneouBly 

aNS have a value giv.1' hj' 

[

(P1C l ) '('2C2) I 
o - ------- v aax PIC1 + P2C2 0 

(7-59) 
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! 

... r. 

tJ .. x • peak • tr_ 1 Ladueed by Uw t.pactlat ai.aUa 

~l'~l • .... '9naity of the afs9ile and .l .... t .. tarial, 
n..pect:ively 

C1,<'a • l0e4iDCJ wave .. 1oc1ti •• of the .usU ...... 1e

~at .. terial, r.apew~iv.1y 

t'be pe.a.k sL ..... call be ... \IIlI&d to .ecay to HR iD • tiaa 9iven 

bJ 

t. 21 
o :--i:I ... (1-60) 

........ L .. lliilii" 
Cr.ter debri. ~~ct. will ~.11r occur ~el.

tively lat. in t.~. In aDAlyUD9 atruct."r .. lIUb~ectecl to ai.
eil. t.pact, coD.idezatioD .hould Oe 9ivan to etructural degra~

.t»on ~~ch .. y bave occurred due to earlier .rriving environ-
_.Ilt.a. 

7.S.2 Jtadiatioft Load. 

a. Ener~'X :0.1'281 tior. 

When t~ photons (X ray- and 9.... raya) 

and neutrons frOil • nucl .. ar burst .trike an .xpoMld 
structurel .1.-ent. they penetrate the .l.-.nt and de

po.-it enel"9Y 1n the stn---tural matarial.. The depth 
~f p~netration and rate of d4IIposition of enerty are a 

tun.!tion of the tyS- .... ener.;ry spectrQ. of recU.tiOll 
and the properties of the material .ubjected tu th. 

radiation_ If the enarq:.- deposit.ion l.vel is sufficiently 

~.":qh. tbe~hanical d"'9411 can occur ... n the uterial. 
If the eat.erials in :he atructure ~ the enerqy apectrua 

of the lnciden~ r.t.diation ara specified, :~ is posaibl~ 

to compute the enerqy depos~tion profile by u .. of 

55' 

... ,,,-"'"..1'. i>"~~·""" '~<f~1«.':'~.~~·~#~ .. ~.~""_~~'t;:. ~~~4j 

IfoDte-<:4rlo tytle co.put.er co4... Approxilrwltiona to 

~ranllPQrt theol;{ c.n be ullt!d to obtain order-of-.. qnl

~\Id ...... .-ent.a of the radi.tion intenal~y required t.o 

41 ~ge "nctur.l ... ~ ... i.l8. Moat of th. ';'~l101Oih9 dia
cu •• ion is fra. bf. 7-41 which include. a III()re ext.end .. 

trer.tant of n\Oicle.r radi.tion induced the~hAn.ic.u 
6lfects On atcu.ctural &ateri.la. 

Th. aatari.la of p~t.ar) inter. at in pro

tective construction ara port.land C.""t. concrete aOO 

ateel and t.o • les .. r extent the .-artety of Rl4t,uia~. 

"MId in antenna inataUatioDS. Concret.e backed by a 
at .. l plate or concr4IIte In an open ateel p.a.n c-iln be 

.. equ.tely treated by considerinq each .. terial s.pax

ately. Deteraining the COMbined response of & reinforced 

concrete ~r or coapoaite. of-other .. terial. is a 
CC*plex c.aIcuIaU.Qi' .. d prl>'ol_ .A icb, accordinq to 'Af. 

7-.1. sbould be deterred ",At U .,r. ex~rilnoant_l datA 

ar. obtained. 

In order to d.taraine the e~rqy depoal

tioe 1n ... t.ri.l, ratio. of peak tberaal er.er9Y d.~ 
eit10n to incid.nt r~Jiatiou fluenca (fr .. -field enviroc

.ant) arc u .. ful. 

The d4IIposition profil. Q (x) aa a f\UK. t 'on 

of d1st..nc. x into the .. t.r •• 1 .. y be approxi:lloated aa • 

triangla where 0. .. ' the llaXimU •• al\Ht of Q (x), i. the 

height of th. trianqle and L La its bA... Thti depo.ition 
dapth. L, is chosen such that the are~ of the app,oxt..

tion is equal to the ar,a under the real depcjition pro

file curve. If the radiation flu.nc. is ••• umed to v~y 

a. 
Qtx) - ~eAp{~ p~x) (7-U) 
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wflQre 

IA .... ~rptlnn ooefficiea~ tor rst.rlal 

p - density of the .. terial 

• - dist~noe iAto the m.terlal 

t.hen the anerc;: <taroaition h. tbe aaterial at • depth x 
LIt ... -PIoIX _ The approa~t. depot;itiOll depth it 

2 
L -p,", 

(7-62) 

Val •• of .. for concret.e aDd ateel for all .. ergie. of 

phOton. a.od neut.ron. r.J.y be found in P..(iIl. 7-41. Table 

7-1 list. the concrete conatitueat. and other propextiea 

... ~ for calculationa ia Ref. '-41. ~&ble 7-2 li.ts 

the properUea and equations deacribint, properti .. asawae4 

for ateel. 

Table ~-l. froa Ref. 7-.1 • .-ria •• the 

reaulta of ~al~~lationa of the depoaition of red~.tinn 

ttoervY in concrete &Ad .toel. It IIboulci be noted tha t 

the hi~ rat.s of energy depositloD result fro. the 

.lower eDerlJY photonli. i...) •• the photOfta with e .. :vy 

level. of 1-200 kev deposit .are enerqy per t~~ .~s. of 
aaterial than photona w~ th t.:nergy l.".'.s above 200 kev 

or rwu~rons. One reaaon for the difference i. the gre.·ter 

depths required \:0 abllOrb the hl.gher enertly radl.aUon. 

X-ray photon- fall in the lower energy ~~~ and, thus, 

are :aure (1gni f icant in cSuw.9 inq exposed concrete and 

ateel .tructur~s at clo .. range. from • ~uclear detona

tion. Por concrete and the e;-..poaed lip of • "t .. l ~n, 

the .--ller depositiOD depths given in Table 1-3 corres-

pond to tt. larger valuea of 0 . M&xi~ deposition. 
2 . RIIIIX 

for 1 cal/ca 1.ncl.G.ent Oft ~..he s..:rface of a ateel pan 

range fra. C.l'l cal/qa for neutron .. to 700 c,al/<j1l 1'01 

low-energy photons. In concrete, the raD'Je is frOl'll 

S~J. 

~ __ ~~..JIiI,"i..~r~"""""""'~"""":W".""~~'Il> ~~ ........ " ... _~_ ............... ..::.fIo ... _________ ~· .... ·.,, __ --

Table 1-1 

COBCRE"1'E PIlOPEJtTI&S US1U> IN 
FRELIKlHARY CALCULATIONS (REF. }-41) 

,..-. • I 
1 

COMPOS 1'1'1011 : 

Weiahi-
ElellMlnt Percent 

H 1.0 
C !'.l 

0 52.' 
Na 1.6 

1.1 3.4 

5i 33." 
I( 1.3 

Ca 4. 
Mn o.a 
Fe 1 6 

Average atomic number: 11.2S 

Density: p. 2.3 galea] 

I 
Oxide 

- -
"2° 

Ha 20 

1.1 2°) 
5i02 
1\20 

CaO 

MnO 

YeO 

Longitudinal sound sp..ed: c," 3500 III/sec 

Transver •• sound speed: C
t

" 0 

Weight 
Percent* 

9.00 

2.t!> 

6.4~ 

72.94 

1. 60 

6.16 
... • 33 

1.4t1 
..... __ .. - ---

l 4 2 klk lIIOdulus: B •• p(c1 - 3 e
t

) '" 280 kbar 

~ 
I 
I 

, 
__ J 

Bead capacity: ~ s 0.156 cal/(9~ - eel 
p . -5 

VolU*!tric coefficient .,f thermal eXp3."Slon: (1"," 3 x 10 I·e 
Thermal shock coefficient: 1. 54 b.lr - gill/cal 

Thental conduc·.lvity: k .. 0.(~11.13 c,sl/(sec - C!'. - "\..) 

Static tensile Itcength • 300 pai (20~ N/em),"· 

Static coapres&.ve strength - 60?J psi (4140 N/cm2 )** 

.-----_. 

.-Coaputed by atoichLometric balance of element ,11 COIllp0'lltion 

Measured for standard test cylinders. T.~s~ nu~~r6 6erve to 
identify the concrete rathe::- than provide a 1t\(?3S'Ue of actual 
at.renqth in it one-a.iJllensional ,,- tuatlon. 
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ftbl. 7-2 

''aoPatrta c.- ftDl. UJD III 
hr.LDlIltUY ~lCIII (UP. • ... 1' 

.0. the riqht .tea of equ.aU ... ~ ia 18~. ..1.'" eDIt P 1a in ttU,*-U. 

PeMitxa ". l.ts 9flAlClal 

Voh"Ui,c ~ff1c1*"t of \beel .!f!1!!101l'. 
~(.k-l; • l.51 • lO-~ + 5.1 • 10-' (7 - at5) - {1.tI • 10-' p} 

INlk .oc!ul1 at COAII\4'lt t:."..,...ttJa'9 aN -t.roez •• 
atfkbar) • 161' • 0.1171 ('t - a.5a + 5.06 W 

.8{~rl • 1'" - O.,~ ('t - 2") • 5.1Jp 
H •• t. capaciti .. at conateAt. preaaur.,* 
Cp (cal/9D-e1i • 0.8'02 + 1.27 • 10-4 7 + '6..,-2 - ( •• 6' • 10-5 .) 

• 0.1064 + '.9' x 10-4 (7 - U-'- f •• Ii • 10-5 .) 
C,. (call911-·~) • {O.lNG} 

~aiativltXI 2.'. lO-S aha - ca 

Sow:ad _pe!48 for lO!!iH.~i.oal ... tran ...... _na, 

C!, • nto rt/aec 

!'!.!peru\lre S·C) 

S. 
500 
600 

700 

~r..l .~k coefficieAt,-

Ct. - lUO .fMC 

~.lle ."ClUb (kbul 
l.e 
'.J 
!..l 

J.' 

~(b&r - ,/cal) • 500 [1 + 4.27 • 10-4 (~ - 2'S) + l.~) • 10-3 ') 
• SOO (i + O.OOSO) (). 4epoeit1on 18 ~/ .. ) 

• For pure non. 

su 

"~~ .. ~".,_._ ... _ 14~"" 

'fable 7-J 

auJIMU 07 DBIOI771011 CUQn.:l'l'I08a (UP. 7-011) 

'I'ype of llAdia U.o.n 

'bot.OPe I ~t:rw~ 
.... t... bezVJ 1-2(10 k..w I O. Z-l.U !~~~.IIe" J 

0... depoalt1G1l 
(cal/ta'/foal/a.2, 

.lit COQe~te 0.OJ-4ftO '\, 0.02 ... 0.01 
1a at .. 1 ,.n 0.1-700 ~ O.OJ ~ O.~1 

1a celnt~ln~· 10-4-0.. '\, '.92 '\, O.~l 
Depoalt1oa .... "eptll 
for triangular 4epo-
.1tioa profile \~c:a2) 

in coocrets O.~05-70 ~ 100 ~ aoo 
in a~l paD 0.003-2 '\, 10 ~ 200 
lA r.1DforclQ9 0.01->20 > 20 > 20 

Depoaltioa 4.ptb Leca) 

lA coacrete 0.00.'-30 1. to '" 10 

lA 8t~1 pan 10-
4
-0.25 I' '\, 25 • 

1A reinforclaq 0.01- 2.5 > 2.5 > 2.5 

'- Depo.~Uon t.i.JI,a,~~ _____ ~~.~~ec 10-
4 ..e 

• 'tenth-value thickne.. or cebar 4~ ... te¥ 

"4 

c 

,.... 
'-
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~ ,..~ .,.. r "t ."ff1oi_tly bJ,h' to "aUN ex

taA8i" yaporl.atioA. If tbe ~ratu.re of the COGcrefA 

~. ZSo-lOO·C, tJM CQDcr.te .. y 10 .. p..,.. of j" • 

.trane+~. ~he ~.abold depoaition for both vat~r v.

pod .• ation aDd litT8D9th 10 •• is abQ"t 100 cal/grn. The 

a~\JDificaace of t.he "-vra4atioa of .U8D9ttl could -ittpend 

on what perceptage of the total co~rete .... ~ft~ aff$cte4. 

S1a11a~ ~. could occur ilt the at .. l 

.)L. or tile reillforcing. At.,. ener'lY deposition ot About 

260oal/ga, the st .. l viii betln to .. It (Fig. 1-S6) • 

lleltin9 tight weld two expoaecS, adj.cent u .. l p~rt. 

togetJMr or ca" .. the 10 •• of reinforcing bar .trengtb . 

~ lat~Ar 1s 1 ••• likely to occur sinee ao-. protection 

is provided by coocret. cover • 

o. Stre ...... Generation 

The depoaition of t~l energy ~bneratea 

.uas. MaV •• in .tructnral .. terial. by two .e<::na.ni ... -

~~l .bock aDd blowoff. QQ31itativall, therwal abock 

OCCIlX'. a. follow.: As the .. terial is he.ted it tenda 

to 1IXpaDd, but the beating ~ ... ~ rapid that there i. no 

tille for expansion to take placv (i.e., no ti.e for Cl.li

tuul relief .tre •• "aVe. to arrive). Inl.~Er".;A, stress.a 

ar. Nt lIP accorcUnq to the tellplPrature-.tepandent atress

strain relatioa (equation of ~t.te) for the ~lid .. terial. 

r t the ~rature exc.-..cls the vapori.ation tlt1tlpecat'.lre 

for CQIIPOIUtnt. of the _t.rial, the coaponentlli will va

pori •• and the expa,n.ion of tbe vapoca can blow off & 

."rface layer. The blowoff thr •• hold .. t. an .lPper limit 

to the .,..rqy d.poaition for wbic)) the 1. .. I .hock can occur. 

IIlowoff can occur ai ther before or after 1oe.1 thPraal 

equilibriw. is eatablished. The ~n.ion of ~6por. ala) 

i~t. a pr •• sure to the unvaporized .. terial. The 

str •••• ave 80 qan.rat~ can cause fUL-ther damage to the 

.. terial by .polling at free surface. ox jisconti.luitie •. 
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If the rAdi.ation d.p .... itiCAl is ap, .• ad out 
1a tt... there v111 be t~ for partiaA r&lief of the 
stNB •• ~'V£" a. they ara beil.c; ;,aner:at'lild. Since this 
apr'~.' :,::na. to r""uce the peak str.s., cAlculat.1ona 
baa.t. on _,.8tant&rk..;)Us dlliposiHon are con.~rvative for 
c1ealqn in tbat they overeat u_.at~ tbe peak stAtUi' liS. 

If o..u eJtc~eds J 311 cal/<J1l!, it CdU hoe 
.. ~ that B~ c:oneti,uents of the concrete .ill be 
.apor1aed a.~ surface blowoff will OCCUl to ~ depth 
whera tbG enel"9.¥- depoaition drops to le8s than 100 cal/ga. 
'!'hi. btowoff of _t_:-ial "fill qene ... ate a ;:I)IIlr~esaion 
vava in the .l:a .. 1ni09 w •. -·apor1:ed .. ter ia1 . 

If ~ pta ... th ... ""\'IIal ,-nergy dep.::-Ibitioll is 
las. than 100 cal/ga it will inau~~ a peak pressure in 
the concrete gi Yen by 

p .... - T~AAX (7-64) 

where 

p .... - peak shoc':k pre.aure, kbar 

Qa.x • peak energy deposition, eal/qm 

T • ~ber.al .hock coefticien~. kbar - qm/c41 

s "'-__ . __ .... .. 

The tb.~l ahock coefficient 4epends on •• veral factors, 
including ~caperature and .. terial propertips. For ;on
Crete. a value of 0.054 JtiJa: - qm,!cal 1. qi':r6n 1n Table 
7-~1 and i. r8Canllended •• an average value for I ~e in 
prelLainary c~lcalati~.. Reterence 7-39 reports values 
~aryiD9 fr~ 0.025 to 0.091 kbar - gm/cal • 

... .... ... 
i .. 
"". , .... 
• ! ... .. 

L'~in9 the a.sumed nlowoff thl"eSnold of 
100 ~al/qa and a tberaal abock coef-icient of O.O~4 
kbar - ~c.1 in Eq. 7-64, 5.4 ltbar is obtaint.>d aa :he 
..xt.u. th6rmal ahock .rea.ure L~at can be 9~r.~rdt'~ 
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t»y ct.r'Y"'lUoa of racUaUOIl "'rv7 1D~. "7 b19Mr 
MilO8it.1OD of .ne:r'gy IfIOUlci reault 1. ~lo.off of coecr.t •• 
1'hh pe.ek pceaau". caa 01117 M c~.1ter.4 ... Al~j· nloo 
of th •• ct ...... ~~ha. Mea .... of t.4e CONIi4eru:;,. ~iD
Ue. aWfto v.4iag the fectwa affectiD9 pMk pcea .... a
t.caiaaU Ga. 

Tbe ~i .. ~l ...... '-U.". put .. 
tr ..... l. toIriIft the frae wrfactll • • f the OCN)C¥'.te .~t 
.... 1a reflact .... a. a tauU ... ".. If tba teftaU •• tre •• 
.ace.da t.ba fIP!'!, 1 ~..a.o14 of th. co..reta. ..,.Uu, of 
tba CODCJ:eta .urfaca .ill occw:. fila apel1 ~bP14 for 
concrete 1. reported ~ .. t. 1-41 to .... "7 f~ aboat 0.02 
to 2 ~ ... depend ....... t 00 .traia ,, __ ~. '1M ini-
tial QOIIIprO .. h. 1M.... 18 followecl t.y a taaaU. ...... caef. 
7-U' and, if the .. gaU .... of t.he teD.U. axc.acl. the 
ten.U •• t.rwftCJtb of t.be coacret.., iatenwll crac'ki~ -7 
OCC\'-' .ith • cleqracUUOft of .traft9tla. If blC*Off of M
Urial ocwre at the arface, the 00IIPr. •• 1oa ..... .....
erated t»y blowoff .. y recluce the .ffect. of the ~.Ua 
Wftve. ~ttanuatioft of paU. au ...... 111 U.ao occur a • 
. u. t.ba&Wa1 .tra ...... prop&9ate. ~ tbe COIVireta. 
DebondiDIJ of r.1nforc1.at bare can pot.eftt.ia1l7 occur ia 
reinforced CODCZ't"t.. ~t the peak ~1 abock praaap.r. 
in the CClftCrete at relalor..:!.., loca~ioaa eaceecl. tJw 
apal1 tlara.bol4 f(O ... COItC.-:'et. •• 

A aial.lu pM",*-ftOft C .. 0CC\&r iD aapoaed 
.teel .~facea, axcept tbat ..ach bitbar eDIar9Y 1 • .,.1. 
ua required to cat. Ie t»lo..')ff or apa1l1Df of _t.uiAl. 
Pra. FiV. 7-5'. enAl"9f t1epoalt1ona Oft tba ~ ... of 500 
eel/gil are aecea .. ry to \9aporl.a a~ .. 1. ltae tba....t 
• hock coefficient fo" ateel i.. 91 .... uy \.be .xpno.e1OD 
1.n !''.bI. 7-2. Uainv o.u ~'Al t.o 500 cUI .. u4 a 
tber.al _bock eooffici .. t of ~.55 kb&r - ~c.l in ... 
1-64, a peak theraal aback p~ ••• u"a of approat.ately 

571 

lOG kbar h OOt.aitnC:. Sinc. .teel _It. at .an.roy 1 ... 110 
.. tba oEller of 140 (..&l/P. it 1. queat.:I.oNlble wbttiaer a 
PMk tbanul ...... p" •• a~. of )00 Jtbu' M)uld .ver .. 
~. ~ .. ir. the ca .. of cxmcret., renectioca of tM 
OCIIIpre ... 1oA wa". at a f~ .. aurtace cau.aa •• teoailo .tr ••• 
llbicla CaD C.UIIe epallatioD if the apell three.bold ct .t. ... l 
18 aacaedM. "f.~...ace 7-41 Vtv •• the .pall thz".~14 of 
.teal .. u.o..t 10 klaou. 

I" .~y, ~ ~ic:al ·effacta 
of r.a4iatloo OD atructural .. tarial. ara very oo.\:~lex 
pbe.....aa vb1cb u •• till lu-gely WlkPowr due t:J laclt 
of ~t.iAaDt axpari.wfttal Gata. IIydrocSY1.a.ic ~t.ar 
oode. beva I:Ieen appUed to t2Ie probl_, out 1IC1uUona 
u •• ul:Jj.ct t...' uncertV.1ti •• reqard1DCJ .. ted.l beh&vioz 
ill ... 1Dt..ftH raca.l~\:loa ... iro.-.nt. Re'erence .'-41 
preMftt. aptha of alo..;~rf ~ aT .. _.e and peat praa-
a ..... 1apart..s to t.ba UAl.apor!~ect _tarial for a </I'dft 
r ..... of .urface fl~a ana phot;on an4 Deutron _IITVi ••• 
!be 1ftto~tlOft i. 0Ia •• 1f1-" ADd " • .not be includ~ 
...... iD. 

'I'ba tbe~1c.U eUect.a of r~ ~at1O!1 
a1gbt be off •• t to aa.a ~t.ftt b7 u .. of eu4itional 1'.1,,
for~iD9 .~l to 1Dcr.... the ra.i.t&ftC. o! concrete to 
apall1Dt 0. the u_ of iDta" .... l plat •• to dhpor_ t.M 
tber8al abo1:k pill... .ith~r approach wowd require ex
teD.iva .tudy &hd calcul.tional affort. 

t\. ~l~ 

Ablation of .truetural .. teriale i8 • 
fWlCtiOft of tbeneal a .. rgy d.poaitlon and dyrutlai" pra.'· 
.ur •• 1D the a.i.rblaat .. ve. It ia 8ubject t:> Uw, .... 
cle9r .. l)f UDCUtaiDty •• tbe~h ... u.c.l effech. 
MetbOd. ~~11Ded i" tba precedin9 para9rapna c~n be u.-4 
to .. U.Mte eDergy 4epoaitioa 1n t:.be .. teriah aM a 
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--.~ ................... --._ .. ---

~i_ ...:. to t.ba" c .... u.cl t.o .all. OQOC~ _ 

at .. 1. "f~ l-U ~a t.kt. ~ .. It.iat P01at. 

of C<lftCC"e~ 1a appcoa.'--"11 1100-.... tiM betA" 01 

-ltin9 i.e 1. cSl/eJoA. "law:- 7-S$ ~ .... ~" 400-
700 C4lVp ace r.quir.s to reech U. -hi", UiIIper:~

tu.c. and. ~. 600-70G -&/9"" ie ~t)1J' a "':.e real

"etic t..... 1kNIt ... r:. Itlowoff w111 OCCU' .c -l"tJ' 

1 .... 1. ~ tAlI 0I:\2ea' of '" c"\l/ta. ~ It: 1. 4Ioubtful 
wbetbftr -lt1Jl9 t~.tue. ..0'01111 eft&" M :rellClled ill 
coocret. •• 

St .. 1 will _1t at ......,. 1 ... 1a or. ttA 

order: of 25O-JO;l eal/ .. &h4 1t ia apct'..ed tbat a$",

bl •• t 4r~c ~aauree ~t cla.e-1a r..... v111 ablate 
tlw _U.s ..... 1&1. 
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7.~ .f,.WSftA'l'IVS DNO'l.U 

7.'.1 Loed. ~ Mntion. for • Sba:'l;w INried be'tan
gular StrU'Ct.uc! 

a. GlYD, A wried r.inforced ,;Qllerete :ltruc

tv., vith 4iJ1anaionat a •• bawD in Fi9. 7-57 with 8 tetlt of 

oow. in a 4 .. p alluvial 8011 .nd load~ by • ) JtT surface 

~at at ~ 100 pat ova~e •• ure r.~ie. 

b. FIJII)l a.ti ..... the r'<Ji4 body IIIIOtion of 

the atructure and tba 10.4. at:t ing on the roof and b.lI's 

due to paa"9. of the .1rbi.a$ above tbe structure. 

c. SOW'l'IOll: 

1. ':1la firat considerationa in eVlIlu

at109 r.apone. ~~ the characteristics of the airbla.t 

aDd 9cound sbock at the loeati?n of the etructure. The 
overpreaaacw-ti .. hietory at the 100 pai l.vel froa a 

1 lit' eurface burat. aa 4.te~ined trOll Sacti"n I 11. ia 
abown 1D Fig. 7-58. 

The eoil 1s aaauaeu to have a unit 

wa19bt of liS pcf. a .. i.aie v.locity (C i } of lOOu ftl 

.ae. a loadin9 vav. velocity (CL) of 500 ft/sec and a 

atrain recovery ratio of 1/3. The peak of the incident 
,round ahock str ... v~ve vili arrive at the roof of the 

structure at a ti. .. liven by 

t _ I. _ 8ft 
p ~ 500ft/aac· 0.016 asc 

~n orier to e.,tiaat. the d69r .. of 9round sno\:K attenu

~tiOD, a trian9ular fit to the overpr ••• ure-time hi.tory 

vblch tit. tbe first O.Olf PC ClOHly (l'i9. i-58) is 

doe$erained to be 

P - 100 pai(l- O.l~ •• c) 
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ri~r. 1-57 Du.-ne1on. and ~GUii~w~~~igft ~i Iu~~ed a.c~an9Ul.r 
atructur. for Eaaaple 7.6.1 
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'!'be peak atr ••• at tM • tt.. .jQ\'ptb 

ill .. lU ....... -no recovery aoU j.. d.t.ra.iNt4· fraa. ri~. 5-17 

~ be ,. pai. Int.rpolating linearly betweer the ~la.tic 

aolutlO1l U<')O pai) and th. bilin •• u-nu recovery .olution, 

th. pe ... \ .trea. for r • 1/3 if: •• tUwted to be 

a • •• 94 + U,'3) (l00 - st) - 96 pa! (6(, ti/CIII2 ) 

The ufect. of .u ••• at.t.enuaU.oo i. ~ll and for pur
po". ot th~. ex-.pl., the overpr ••• ur~-t.iMe history on 
t.be .urfac. i~ taA80 .. a r.a.onabl ••• tt.&te of the 
tree-fi.ld .tr ..... vav. 1oci.c2ant 0" the .trucc..u:e root. 
~ified i: ~ece.aA~V to incorporat. the effect of a 
1'1.. tt.e due to atr ••• wav. diaperaion in propagatioe 
(treated in the foilowing .t.p). 

Id ..... that the r •• pon .. ot the struc

ture for 0.15 58C following atre •• ~.ve arrival 1. re

quired. A t.=iangu1ar fit to the overpressure-time hia
tory (a •• uaed to represent the fr~e-tl.ld wave .t the 

.tructure roof) which contalos the .... ~ulge .a in 
tho actual ovelpr •• aur.-tt.8 history up uatil 0.15 aec 
ia (Fig. 7-58) 

o - lOOpai (1 ~aeC) 
The corra8~ndin9 free-field parti

cle ve1 ?City-tia. hititory a4y be deterained by the method. 

of ~ .. r&qr&ph 5.3.2. Aa.uaing the fr.e-field motion at the 

.U%t~c. to be a reasonable repre.entation of -he !">Q\;iC;l 

~t U •• a-foot depth. Fiq. 5-21 l.an be used direc<:.ly to 
•• t~'te the normaliaed free-field velocity time history 

given in Fig. 7-59. The peak fr.e-fi~ld veloclty i ••• -

tiaated as 

v -

V" 

a 
~x ~ - (ll~}~~~~t(:AO) 

8.1 tt/.ec \2~5 alsae) 
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o· 

o 

F19uce 7-S9 

'!'We (Re' 

Ul'r-lt.) pet. o..~~"-T"" .i.tory ... 1'riu1'Iler 

a.pr·e~.~et1oaa. ballple 1.'.1 

P'ra. ,._,. S-JI fo« T 1/) 

t _trar" f~ l_t.ftt 1rw<:1ca-, 

_ft .ILr,II. ••• U ICture roof 

• 0.21 Me: 

tit o 

Mo~ll.ed Fr .. -Field Ve1ocity-Ti .. Hi.tory et 
Dept.h of Stru-"ure Roof. ex_.ple 7.6.1 

577 

..t";' .... ~: ..... ~', .. ' iii> 

2. rbe total vel~ht of the structure ia 

e.ti .. ted e •• uain9 the unit weighL of th~ relnforced con

o~ete to be ISO pef. The total ~l?ht ia 

•• UCx20x2) (lSC) 12) .. (lb12x2) (150) (.:) .. (lOx12x2) (150) (;) 

• ,. 556,800 Ibe 

The t.otel .... ia therefore 

M - S5:i~:O . 17,292 .lug8 (l52,l~5 ~~) 

CAven the maa. of the ~tructure. the 

need \.0 incluoe tbe uffect of free-field ,'ave rise tiDle 

in e"elysia is eatilaAted by the criteria of Sq. 7-2 .... 

10M .. 10(l7292} ~ .. 0.168 

~ (115/32.2) (500) (24) 
aee 

r.te ri •• tUM at the I-foot depth is deteulJ.otN by Eq. 

5-" to be 

I Z 8 6 
t ~ ~.OOl + ~ - ~ • 0.001 + ~ - foco 

r L ~ 

tr .. 0.009 sec 

whieh i. «:onaiderable less till'''). 0.168 sec. Thel'efcre, 

the ••• ~tion of a shock :~put. is xeaaonable. 

3. The detailed truatment of Rhea~, the 

effect. of frtieo .arface r.flectionll and load i ng functions 

which account tor !l\ater~al inelasticity ar.d fJ..nite struc

t.ure area (Fig. 7-45) re'~,lire the use of nul'Tl'. l"icdl pro

cedures vh~ch, althouqh relatively simple With the USe 

of a computer, ".r~ someWhat tedio'JS for hand calc\,·latlon. 

It i •• ssUllled initi"l!.y that shear, refl",ctlons and non

ide.l loading functions can be ignored. Th(' ,,·ifec-t of 

-the a.s~tlon is as~e88ed at the end 0f th~ example. 

19nor 1nq shear. an uPP<'!' txH.md to 

.tructure l04da and response until the time of rnJ.Xlmum 
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• U1IOt.ure ~loclty 18 4e,ifte4 Ia7 ... 7-41. t'bII_ .. 

&"aUo 1. 

pCLAt. 6 • ~. (115/12.2)(500~j24)2(O ll) 112 • 

6 • U.S 

!'1M DOnIaU.... u.. fo _.t.. velocity 1. elftA Ia7 ... 
7-24 .. in9 a I twice that. calculated .lnee the .tructa&"e 

1. bu&"lec1. i.e,. 

t. • ~nC25 + 1) • 0.1) 

.,.. • acn:u.l u. .. of peak "lacit)' 1a 

t - 0.11t.o • 1.13(0.21) 

t. .'0.021 ...:. 

Th peu noraaUaecI et.rgcture velocity i. 9!~ by Iq. 

1-25 as 

pC •• 

--~ .ax • [1 - ~.l • (1 - 0.13) • 0.'7 ... 
9iv1D9 a peak yelocit.y of 

• °aax • [~100'jI44b] v... O.ll~ 0.17 lI1;732. )(5 OJ 

.... x - 7.0 h/aec (2.1 -.lMC) 

co.pared with '.1 ft./sec (2.5 .taec, 1n the fr .. fl.1d. 

fhe peak .t&"~ture acc.leratlon oc

~~. at the inataDt to. incident .ave .t~ika. the .t.ruc
tua ~nd i. 

a -... 2Aoaax 2(J~)2~100) (144' 
--,.- - - 1 292 .... ~5t ft./~ ~ • 30 9 

579 
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COIIIIp&n4 to a f&"..-Uald peak acc.luaUno of 

• • p 
• 2r·2~ 
I' ~ 

a -p 1100 ft./eec - 56 9 

!'be e.tlaate4 .tnct.uc hOnaaUaecl YalOC' i t.ru" bJ.at.ory 

1. co.pa&"ecI .itb ~t. ~r ~ ..... t.&"uctura if aurlaca 

fluab (. lover bound' in Fi9. 1-60. ~be ni.tori •• to 

the t.t.a of aax~ .. locity are calculated tea. Bq~. 
1-48 &Q4 1-.3 for the bu&"1e4 and aurt.c. fluab atluc

t.ur.a. r.apectively. Beyond the tt.a of 1I&XJ.Aut at.ruc

t"'\re velocity, u;;. aUuctU&"e ~tion i. asa~ to approacb 
the free-field ~tior.. 

1Io .. _1i •• su ••• bi.too.:i •• on the 

burled .t.rllctU&"a roof &Ad foUDdat:10D arl .o.."lWD Ul F1g. 

7-61. ~be at.ro •• bi.tori.a on the roof aa4 foundation 

until tbe U ... of aax1aua .t.ructa&"a velocity .re .at\

..t~ f~ aQa. 1-43 and 7-44. r •• pectiyely. At tiMea 

beyond the .. .a~ at.nlct.ur ... loci ty, the 8tr.l:\. on 

~th the roof and foundat.ion ia ~k.n •• th. frae-fie14 
, .tre •• on til. 1"C<'f. '1'M •• aUMPtion t.hat the _uaa .. a 

on t.h. roo! and baa. ar. the a_ .fter Uj. ti.m- of LoaX1-

__ .txuctur. velocity aU9ge.ta the atructure i. not 

.ccele,ating and that the v.locity r ... 1na con.tant after 

the PMk valocit)' ia achiaved. Howe',u."be .tructura 

velocit..t-tl .. hiatory has alr •• dl baa.n •• U ... ted. The 

10&4. of Fig. 1-61 should be ueed oniy for atructural 

&naly.b. 

4. ~.ra9raph 1.1.4 deacri~.s tl_ effect. 

of 'init. structura are., sateri.l inelaatici~YI shear 

and fr.. aurfae.. reUectiou.. A lover bound l<>&d 

(lnt.erae4iat. betwee~ the lov.r bound giyen by • surface 

fluah atrtvtl1ra and the I1pper bound treated in pre" J.<Joua 
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8tep¥) 18 BUqq.,.te4 in FiV. 7-45 where the reU.ct1oa 

d\U'atiwa is talten a. the 10 ... 1' of u.. d'u:at10u .,lven 

by Bqs. 7-49 or 7-51. For the ~reaent .tructure. tn. 

reflection d ... .ca·.iOll 18 •• tilMtecl by Eq. 7-4' "a 

"a 8 
td - C - m .. 0.016 Me 

L 

The lower bo~1 roo~ load of Fl~ 1-4~ i~ .~riMpose4 

~pon the l~ "c~lated ignorift9 inelQ8ticity ADd fin

ite areal extent 10 Fjq. 7-62. Tbe differ~ee 1. aot 

.ajor con81derlnq 't.he over.ll u"certaint-.le. in the air

bla.t And ~ _thad of .inalyeis. A.:cx,cdloqly. t.be 

,-d,l.:ulated load .. y be takWl ••• r.a.oI'Able rep! • .en

t~Atio" or the load exper ieneed by the root. 

The re.ult. of calcul~tiona for a 
leo., 8urfac~ flush Ltructure in which et. ratiu of the 

area expo.ed to :.hMr to the are. exposed to the inci

oent load vas about 27 are qiYen in Fig. 1-31. The 

.ftect of snear io to in~r.a .. a'.:ructure velocity about 

7 to 10'. In ~he pr •• £nt Cd", ~he r.~io of .1' •• ex

pt;ae4 to ah.ar to the ar,. expo!.H14 to the incidUlt load 

is only about 2. 14 vdiUon. the load ilct.i.nq 01\ the 

roof a~ early tiJOe. i~ hig ... r '.:.han that experienced by 

• surface Uuah structure due to reflection. I.e a re

£ult. the effect of sheat" to the pC.Nnt eXAJP;?I. i. ex

oected 0 be negligiblp. 

The r~flection fro. the structure 

~t will sub~equ~tly r~tl~ct at the ground .urf~c. 

and return to ~be structucE'. The r~flection front viiI 

~ravel With ~he unloadinq wave .peed of the soil 

(' ~"\./I c •. >~ (500) 
u ~... L fin 

Cu 866 ft/aec (264 _/sec) 
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,eo 
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• 

c 

rigure 7-64/ 

IIOUnd aoof L<M4 of f >9. 1-.~ 

O.O!> 0.1'> 0.20 

T, •• ' ... cl 

Str ••• -Ti .. Hi.torie. on Buried Structure Roof .nd 
roundation for EXaMple 1.6.1 

S84 

("'" 
"""it 

\..~\~, 



.. ~ •• "";.jIt~~~;,.., • ., 

""'--

The qX'0Qa4 .urface reflectlon fE"ont vill luri". at ~:he 

.trl&Ct.w:e • t 

21. 16 
t • C- • ill - 0.011 .ec •• 

u 

.I~ t.bIt peak at about 

I. I~ • 8 
t • c;. + C

v 
• 500 + 1f~ • O.02! sec •• 

!'be at.reacJth of tlw" "f18<:1:ion a. ~ll sa later auH 1-ple re

flect.ioos between th6 atructure an4 9roun4 eurface wi:1 

be 4t.inlabed by 80il inelasticity and spotial attenua

tien. The l"efloction. ",il1 have no effect upon peak 

.truCture c:c<:eleration an.l relat.ivelr little e!fee .. upotl 

peak IItruct.ure velocity 8Ithe. the E"eflectlon. will 

1"lduce .,.cillatiol\8 iato 'J\e .treas hi.tory OD. the roof 

and tM structu,.. -*ion. The oscillation will h.ve a 

period of approxm.bly 

lI. 
T - C- - 0.011 .. ca. 

v 

~ will 4~ini.h rapidly. 

7.4.2 Motion of a ShaUatt lu.ried 1IOE"~;ontll.!SLc~ 

a. GtvD; • reinforee4 coftcrete cylinder with 

,"-asions a •• hown in 1'19. 7-63 located at the 200 psi "~ver

PE" •• auro ranqe feGa a 1 ~ surface burst on deep a11uvi.l 

.oil. Tbere i. , feet of covu: abcwe t.he cyl1n4er crown. 

b. FIWD; K.tiaate t.he riqid body aot.ion of: 

~ CYllnd~r due to p •••• q~ of the a!rblaat a~ the 

cyltllcier. 

c. SOLtn'I08 : 

1. bs"" th~ 80il t.o have a unit veiCJht 

!;'S 

.• ~oJl,;""'.:''''1'' "~...,..~.;tl!f'~/-;~?"::~~~~~W-'f~'.l:~'':'::@·~_~·~;
~,;·~·,,.<v·' ~f'-"< •• ~~ ,.~.~~,. 

"~--~ ~---- -~t~---'7j~:"\v;.rn 

Q ~ 1-"~· 
la) >oct ... l Q)nf lqUl"all an 

"n..,,' II, H::~~'~ 

" 
Ib) Oct"'..jOJ\Ill Apf. .. ·o"!..,,.t 10/. 

Fiq"re 7-1; 1 Confiquration!.O and Dimo::~:io'"l!l ('~ P,U:--1L'<i cy .. l'de.

for Example 1.E.J 

SS6 

"t"':,lit 



~"~~' .. ,~,.,'4-'''''''';'''''''' 41(1, '" II~"~~ , ~qM •. '('b¥ M' #MiA 44j ~_~ .. 

,y) ot: US pet, a .. t_tc ".locltr (et , of 1"0 ft/.ec, 
• lo.iiD9 _.ve velocity (eL, of sor It/ .. : and a atraiA 
~1rY redo (r) of Ill. file 1 __ HO pet ... rpr .... ur.
tiM ttletory, derived fro. Pig. )-7. , •• howra in Pl.g. 
7-64. The "round ~ pap .treea url ... at tbe crcwa 
of the cyUnder at 

9 
t • ~ • 0.011 aec 

'l'he trlal\9Ula.r r~"Atat:tOQ t:o tM ~ •• aure-\. 1_ 
hi.tory which 'ita the fir.t 0.011 aec. cl~ly i. 

p • ZOO .,.t (1 - 0.01 aec: ) 

UaiftiJ P19. 5-17 and inteqol61t;iOll. tile .-aJt \~t1cal 8011 
atr ... at the cyUAcbr CE'Vn t. 110 pal. flla atUnuaU.oA 
of atr ... ia ai.gntficut an4, ttwreror., t.be .otten analy-
aia .hou14 conaider tbe ctlanqea iA tbe .~. ' ... ve which 
OC~ blab len ~). aurface and the C':rlln4er.o_tion. 

~ It- 1 •• xpecte4 that peak atructure 
re.po~ vIII ~'vi~ln 0.10 aec •• fter arrival of 
t;"" cwerpre •• ure. A tJ:le9'lur reprc_aUltion to tJ'ltI 
c_~pre.&ure-t1 .. ht.at.ol'Y which e.~a lAp",l.. ~tll 
0.10 sec ia 

P u 20a P.i(l - 0.11; 3ee) 
A Dl»1n:t J. depth at: "1c:h to d.U:III.t.e 

the IncWent atres. Me;or)" La tak.D a. ll.'S t.et (Fiq. 
7-63(b). The noraaliaed fr(.-fJeld .tre •• and v.l~·ity
time hiatorie. a~ 11.85 f .. t •• xclu41a9 a l~" t~, de
rived ull.in/] the _,-hoda of ;.>are. S.3.2. are ahOwn 1a-
Pl~ 7-65. 

1. Analy.i. of gerttcel .otton. ie ba.ed 
~n F19. 7-47 and Sq •• 7-52 throu9tt 7-55. eonaider 
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JOe) 

~ 'hi .... '. ~ .... Ut.1_ 101' •• u_u., 
\\ rr...-P1eU $ • .r_ ..... v.Joc:it:, at Cyl1aM:r 
\ I.cK:4adon 

160 

no 

10 OIr_ ...... UI'.-~ j .... i.tc. ... y 

~ 

o 0 o 1 0.1 0.1 
1'''-- (He) 

Fl9Qre 7-64 l~-lOO pal OVerpre.~re-Tt.. ai.tory and Yri8ft9Ular aepr ... ntation., £X-.ple 7.6.2 
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lint u.. effect of ri .. U,," Oft l...ne aV ••• actinq in 

.. ,ion A (Piga. 7-47 and 7-61). The ri~~ ti .. of the 
iacident fr_-tleld. au ........ at. t.hf. 11.85 ft depth 

18 (Bq. 5-44) 

• 0 001 ll •• S !l,'~ -
a.r -. + '"1W- - -nnro- - O.Ol.~ :;~-:: 

The 4uraUon of t.he ~flection of an .l.fl<:idcmt ahock ".!t.

i"9 on Rli9jon A of the octagonal approxilUltion (Fiq. 

7-47(b)) i. the 1 •••• 1' of the tt... qlven by Eq. 7-49 

or 7-51. Squat.ion 7-49 gi ... 

I 

t4 • ~ - ~ - 0.024 .. e 

while Sq. 7-51 ,ive. 

t.4 • ~ .. ~1l - 0.009 .ec 
u 

'therefor., Sq. 7-51 fIO\'erna. Since the ri •• tille of the 

incident .t.r ••• wa ... xceed. the tiM tor a r.re~act.ion 

, t.o t.raver •• t.he reflectulCJ aurfac., ~ caff.ct of refl.c

tiOD can be coneidere4 ainor and the incident atre •• 

•• we applied to 3eqion A without. alterat100 to ~coount 

for reflection. 

The .tr ••• es acting in aeqion. A and 

a are ahown in Fi9. 7-66(a) vnere the est1aAtud incident 

.tre •• hi.tory of Fi9. i-6S (AI ha. been 1IOdifled t.o in

corporate a ri •• t.illle. The ,-ia. time in R.eqion A is 

9 9 
tr • 0.001 + sao - fOOD· 0.10 .pc 

The Averaqe arrival tt.e of the wav~ front 1n Reqion B 

1--,. the arrival b Keqion A by 

\ta • ~~~ ~ 0.003 •• c 
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The av·"!raqe rl .. tiM in lte<Jiun • i. 

tr - 0.001 + ~~ • ~t · 0.'11 eec 

'!'he cMcay of the .tr ••••• 1n ",*,1on. A aad • ia tak ... 
aU-lIar tc tbP stre •• decay of Piq. 1-65(.) 

4. The tot.l incident load actlA~ oa 
the cylinder is a~ 1n Fi9. 1-66(b) ¥her •• I-foot 
.lice h •• been con .. ~deracl. n. load. in Raqioaa A and 
a are 

(Sq. 7-52) FA{U • o .• (t.Sft) (lft)0A(t) 

PA (t) • 7.6oA (t, 

(Sq. 1:'Bi Patt) • 1.2(9.5ft) (lft,c.{t) 

p.Ct) • Il.4o.(t) 

i'he total load 1e ';'.aply the S\lllQtion of FA and P
a 

In 
ti •. 

5. ICJDOrinc; at.e.lr the equation of .,-
Hun for the cylinder is 91ven b)' Eq. 1-55. The ••• 
of a foot .Hoe of the c:yliwi.. is 

" . ~. Ii} ~"('.51 - ,2)J (150)(U 

" .. l ••. 2 alu". 

The reslstin9 force 1& 

f'R 1t ) - 2pCLRLV {1:) 

F R (t) • 2 U 15/32.2) ,500' (t. S, (l)y(t) 

Fa(t) • 1l928.6v(t) 

The eq~tlon of .atlon i. thererore 

la4.2v{t) • PAtt) • Felt) - lJ928.6v(t) 
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where. ;.. in ft/aecJ , " t. 11'1 {tIne ...s ., ia 1ft pou~4 •• 

A .~lc.l .<)lutioa to the eq.aation of .otiOft to the 

ti .. of ... t.aa structure Yelocity ie abown 1ft '1i9- 7~67. 

Beyond the till!le of IMXu... \Ie loci ty the etr..ctllre ft 10-

city ia •• ~ to ~.h the free-field ".lochy in 

the vicinit, of the "St.ructll:e. taken ia ri9. ,-,7 to be 

t.he fnae-field ".lo-:oitJ' ~ ';he 11. IS-foot depth. It can 

be a."" t.~at ~he peak .tru""ure .. l-X:it)' i. about 11.7 

ft/aec ~ared with a poak free-field velacit, of 15 ttl 

s..c. 

'!'be ....... rical pr.>ee4llre 1lae4 in thia 

CaM vaa an explicit tt.. l:1t~.tion appnMcb in whi.ch 

the equation of IIOtion .... .rritte. 

llan • ". _ Itvn 

~re an, .ft and .,n are the acceler.ticn, velocity and 

forcin9 fllftctiOll at tn. Delinin9 

I · + 1 aft .. 1 v I 
At 

n - ! I .. 2 

and "n • ! Ivft + i .'f 
n - ~ I 

n .. 1 

where 6t ia the tiJle etep .. ad., - I i..1 t.&ae ftl?Ci ty lit 

t
n ! ~t, the recur.ift eq\~~10n i. 

n + 1 F"_+ 
I.~] 

1 "if n

-

I 
~; - "1 "_ 

v 
lit .. I 

M:&1 
Et: + 1J 

Taki1"9 At: • 0.002 sec in the present .::aM, the recursive 

equat>'<lft i. .. 

v 

1 
;,\ + f ~ 1) n - }" 

+ 175,lU.7v 
20',0 .... r---' 
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~~kl!'~"!7~ _'"' .............. _' .. _ .. _ ... ~.,.. ... ,~ ... "' __ 

........ pnwu.. ooa .. qea~ ... alft1cleat.1r ~ate n

..alu for tJt.1a pc-c»l_. 

,. 1"be ptIak .uuct~ acoel .... t1oa i.e 

'I .... app.:oxiuhly br 

';(t») ... • ~ ,'Ct, - JltZI.6Y(t'J ... 

.ta1eh _y be 4eWl'&lAed .. 

(.ftiJ ... • 6'0 ft/eec
2 

• 21 9'a 

at t - :. (l11..:. .,... ..... ,&"IM n.w accelun10D 1. 

approxi.-.te1r 

ap • 2(15f~'rcc) · 1'75 tt/eec 

aft .. 5' ,I. 
7. r • 80uDdarx Jioticxa.e of .. OIll!Md CX1tadz'lcal !'Wp!l 

a. GIVDI A 1 III' _dac. bGr.t OIl 9rul" 
with a .. iea1c .. lacit, 11.000 ft/I.e. 

b, lI"l!Gla The -..tiaal of toM crowa aftd uvut 
~t a 20-foot 4ta.&ter ~ftliDe4 cylindrlcal tQaAel loca~ 

2000 feet froe tIM _,,-at. 
c. sourrrOll: 

1. AaaUIDIP tll&t tbe t\JIaMl 1. hff1c1 ... t1)' 

..... 110 that ~ f&:tle-field ~lon. at the locat1oa of 

the tun".a.L _y rea.o<rWlbly be tak.1ft 43 tM IIOtloa beneatb 

tAe bur.t at tbe .... raoge (i •••• tr .. • urface .ffecta 
are of IIi.nor influence). Fr .. fl.eld peak ".loch, # 41e

;,laee.ent "nd ~lera·.iOll are ... tu.a~ frca aq.. S-'5. 

5-U a.A 5-6 '1. 

[ .~/3[2 f ,-2 
v·, SIt/ftC ~J It'!J 
Y • '.25ft/Me (l.' -.Ieee) 

SIS 

, __ ~. __ . ~-_~"'''''''~.:rra......, ,,- "~,,.~ .. --~'!I!~,j,: .• 

~ . 
. ;':-.1 

'. ~.{ . 

~~: ... 
-'\~%::. 

[~]S/'[~t~]-~/2 • • t.5 111 DIf lilt 

• - 1.6 1a (G.OOf .) 

• • !tUf[!;] GeUrt 

• ••. ,~ ,'a 

~. 'De "NUl ... loe! tr-t'- hiatory at 
tM 20G0 .:.t ~ .. p ., be ut1al.tM _log Fi,. S-C··. ~. 

1-", aftd S-71. TaJr.iA9 ev."..- nlllllta, t:be ri .. t'- to 

peak v.locUy ie .. t1aaf'.td .. 

tr-t!--tnUr 
1 

~I' - 0.0l< aec: 

..s tM total poalth. pba ••• __ nt.~, .,f t.t.t.;, nloc4.~y pulae 

16 

t _ 1 .J. _ 1 U!)~ 

• ~ (;1 t nm 
'4 • 0.011 8ee 

yle141", an .. u. .. uc: fOal ti". pile ....... OC:1~i .:.. hh

to"y a. abown in Pl,. 7-~" ~l. ~abol~4 bav. ~ 

fit to t;!ut velocity ri .. aDd ~i. 

1. V.locity-tt. t\iator.i6a at \.ilIe c::&"<Ml 

, .. f1ned .. the po1nt. at wlUc:.b tho lD(;id$nl'. we",," fir.t 

.trik •• for tunnala DOt 41l"ectlr benfHi>t!:1 t:.be buret) aa4 

th. t.a ...... t are •• tblat" u.lno "1\1. 7·54. 

~t tba c;;own, .,;be )?oed v.locity will 

r1M to ~ut tv:\C'. the lncl4..'ft~ peak ".locity if tho 

I'c".fect;~on elearin9 tt.. exceed. the rL.. t~ of the 

1ac14ent pul... AuuaiD9 CL to be 1/4 ~ .. i.de v-alo

cit.y, the rarefaction cl •• r1ft9 tJ._ for the ~tr\ICt.u.r. 

Stl 

1-' 
j 

"'-
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18 

0.'. 0 .• ~20ft~ t. -~ -174(11 oltt ..cr 
t •• 0.001 IIftC 

"leta 1e 1 ... tbaA the 1'1 .. t~ of t.be Incldert. W41ve. 

Acwon£lD91r_ tlae reflectioa at t;Jae crOWD C4iD be 14jDore4 

... the .. t1aated biatocr 1. the .... a. tr~ free-field 

lU.torr 

At \:be Inv.rt f .ot.ioa b4a91n •• 0 oc.cur 
at • 'U __ t-iaatH .. 

.. • + ifJ. • 30ft .. • (20ftl .. • c'- ::r l105li mncrr
i 2<:. 

t • '.005 Me 

.-ere C! 1 •• a.~ to be 1/2C
i 

ancl t. ia • __ urej fro. 

tJae arrival of the ioc1Jent ,.,ave at the crown. Th. in

.en po1Dt Hache. the peak f1'~~_leld vel'x..d;.y in ~ tt.. 

.. U .. te4 u ...It 20 1I(]C1 
t - Ei: + c. + tr - 17i nIOOO) + J7n96'o'or + O.OU 

t • 0.025 Me 

'1M •• tillate4 hi.tory 1. a.',80 abown in rig. 7-'8 • 
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SB<..,.lC* VII! 

UBAvxoa 011 S'r1UC'1'UaAL &IIIIIIft 

1.1 Itn'!tOOOCna. 

A .tructuxe under the appUc-.aUon of external loa&. will 
defOr1a and 1n~1 force. will .... 'op in ita ...oer.. 1'b ... 
iAt.rnal force. r ... tat the .for_tion of the .troct:ur. and 
a". _tined •• the naiataace of tb .. atnc:tUft. PoC' .tabl. 
.truct~e.. the re.iat.nce ioera •••• as ~ exteC'd&l loada in
Cl. ....... aftC! the vadation of re.l.tance witt. .fOl'8ati.- i. 
defiud .a the r •• i.t'tnce funetiOft of ~ atructuna. 

1'Q aatidy equUibriua. the wetor .u. of the ate.ma! 1"-, intarrual force. actift9 OIl • fC' .. b.)dy IlUat equal aero. 
l'ba re.iat.ance of a .truct.un in equ11ibri. .... therefon ... t 
equal tbe applied load.. ft. UIportaDca of tM COIIICet't of a 
.t"uctur.· a r.ai.uac. to def~tlon ~ ....... &pp&rdt ¥Mn 
the atNcturd nrapoM. (.fonat.ion) to 4ynaa1cally applied 
l~ds La diacuaMd in SectiOA IX. 

In view ol the very lar,. loada .. &ociated wlt~ Ducl.ar 
weapon -"ftecta •• llowance of iftelutic. or pl&atic bebAvior l. 9&norally .an4atory to .. tntala practical .tructural pro
porUU1'l" fOr any bat the alaDet uivi.l threat oonditiona. 
AcCordin91y. pla.t~c (and ult1-.te .tron9tb) behavior of the 
1101'. ~ atructural .l..-nt. i • .-phaaic" in the follow
in., p.rd9rapha. Structur.l aefor-.tion. ar. of teA deacri.bed 
!.:l terM uf the ductili ':.y r.tio. wll1cb ill a1llp1y t.he r.tio 
of .. xi.u. ie{o~tion to th • ..xt.ua .la.tic deforaation. 
The .llow4b 1 .• ~uctiUty ratio clependa on th. properti •• of 
th ... t.rJ&l troa vbi~ the .l~nt 1a fabricated and the 
function of ~ .1...nt in the .truct'~al ay.t... In aa.e c....... lar9_ in_l.ati ... : d.for..tiou are peral ... ibl_. 1ft 
other c •••••• l •• tic behavior i. reqUired. The wed_ of 
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f.Uva 1a aUG 1..IIpnt.&A~ 1a u..t bdtU • .catutr¥:..c 'aUvea 
_t be avoide4. *11e ...... 1Mt:"".Uc re.poa .. of • 41,\ctile 
.ature i. tolerable in ~.t lut,.,.ce.. 1ft caN' 1e!lCb a. ~ .. , 
U~ i. frequently fteoeaaary "0 oonatrllCt loeA detoraation rela
UOIl8h1pe ooaaldu!og the .-o-U'Y and proportion. of the ___ 
ber a. weU •• Uw .''It.-del propu'Ua. iA oreMr to dar;' va .. 
rat10aal d~~111ty ratio. ~le the OODCept of ductility ratio 
1a OIlly -WUcabla to t.m.. ay.~ where tIM aff.cU.. A.po ..... 
CM be "'cdlMd by ooe c<)0%41Date. it i. -..u. ... applied to 
.on COIIIplea .tructura. by .1JIpUfyin9 ... ..,tiOlUD r84Jar.tin9 
t!',.ir .ode of re.ponu. 

The followin9 paralr~pha 0: tbi •• action di~cU8. the pro
a-rU .•• of atructural.tee and concnte ....... r .tatic aM dy
naaic 1~D9 .nd the efl4tCta of .uc:lear a.Ml tMraal radia .1oft 
OIl tlleaa. "roperU... The ~al bebavlcn of c.1nforced 00ft
cnta &Ad .t. .. 1 ...... r. \&D~ fl.&X1Ir.l .... ~.l. CClGbiaM flexural
uial, and ah .. r loa4a 1. nvi ..... aa4 apecific .t.ruct.ura:" ala
.... te .uc.b •• ona- aU two-way .labe, 001-.. atc. ar. uc;ated. 
~re applicabl ••• l~lifiad pcocedu-e. are preaanted for ob
"ining rapid •• t1llate" of the behavior of cYCb elallllllte. Al
though the dt.cuaa1on. of the behavior of .tructur61 el..-nt. 
are prt.arily 1n t.~ of ."tic behavior, the .xpr ••• lone pre_ent" a.r. applicabl. to 4yn~~c Debavior with appropriate a4-
jUII~t of the .. terial ~oper\:y Nr ... tar_. unl ••• apeciUed 
othervia •• all .xpr ••• 1ofta ~r. pr."~ to apply tc both d •• ign 
an4 an.ly.i •• i. •. , for loada tr .. te.: t:.ba.n the allowable. the 
..-bar 1_ ••• u.e4 to f.il. In aany .r... ~ra i. lnaufficient 
theory or data to ~oYld. other 9uidanca. '!'be concep\.a all'" 
relaUonabip. are UlWltr.ted with u4Ulp1 •• at the end of U. 
NCtion. 
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'.2 PIOt'ItftIa ~ t'ftUC1'01W. _'I'D1ALA 

1.2.1 .~1 

a. OD1u lal P!'?R!!.S!!!!.. 

.U'UCt.1aral _taU OM be eeparatA141 into 

t:wo ...... at ~ ac:ocmllat to tJM ""'.pe of tUb 

.u.a ..... u·u .• ~. In •• PO\iop are taoe. , .. tal. 

_le1l Ciio GOt ... ibit a altars> yiald point. ftU. group 

iDcl~a _ ~Js .\jcl!l .. al.un_ ... cow-r wltJa a face

ccnt.red~ic: cry.t.alU1\e .tnlCtu .. aDd tboee at..ela 

1Ih1ch Ita .. .,... .... t trMt.eG or co14 wockeCI .til ~r 

10M U.lr _fulua rla14 poiat. IIu.y of U. IUgb 

aUeiftqtJk .tlMl.e ue 1ncl~ 1a tilt. 9ro.p. !'be HODDd 

9X'O"P hcludce t:hoM -.tala 1IItlich .... Ullt .. t~A1te yle14 

poiftU aM proeo\ID~ yield' ... .-..a. ftU. ,."0\11' i.
clwi~. t:tao.e _.:.la ba".., a bOdy-ceD~-cublc ~aUl-

11M .t.rw:tun .uch a. tbIt ataA4ar4 .;tnlCt.ural carbon 

UI4 10'\. &11,(;'1 .teel.. f'rp.losl .t.atic au.-a-.tra1a 

~. l.v tM two 9roupe of ..ul ..... r walall1al l0a4-

lJMj are ato.l\ in Fi,. I-J ta). 

~. c~ for the low \."vboA .teala 

abow wr 'V 6ACt lower y1e14 pol.'\t.a. !'be upper y1814 

point i. tlK ooint frca wkich the initial drop in at~u 

occur. a.ud i. of littla practical e191l1Uc.lACe in .t..nac

turd &l\&1y81.. \'t-.. lo.el' yl.1d point b "WAllr taken 

a. t.. .. lc¥eat ".lua of au ... After the Laiti-al cSropoff 

and before tbe .. t.r .... tart. t;Q incre~ a9aln. It 1. 

emu.iel .... ae! co ..... pr ..... t tt. ~.cUcal yl.:'4 8t.ren,th of 

the at.el. Fltyre I-l(~) .b0w8 .t.p11fia4 ...... 10na of 

.tr ••• -.tra1D C\u ..... fo: the .. typea of .ter.la. 

Pur .taala vb1ch do IIIOt exhib1t. upper 

aft(l lower y1014 pointe. the yield .trea. i" takaA to b-<o 
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th.t .tr ..... wb4Q.'. ~e .tl'tt"-Itral.: ~ a.co.e • .hori
aontal. Th3 hi.;:: .trenqth It-... lr 00 not ha" d.finit. 
Y1-,1d ):'<l':l\:., or eJtt~~ pl.":ic ra"94!& and th.ir yi.ld 
.. tr .. n'~ to.'l i:: .pecifie.': .n :'!tr1aS of the 'tn •• at. ~ 
.rbitra~y .train (nonw~l}' 0.002 to (\-00;,,). 

The l·:IV car"aon ..... 18 u. pret.ned for 
~.t .~r;~~~ral a~l.c~tions ~c.u •• of their greater 
d\aCt:.ility und.'I: ' . .niaAi.il load.. Bee.u •• of thi. duc
tility. structural steele ar~ ~ble to und.rgo larg. d.
fc~tions beyond the .le5ti, ltait without fracture. 
~i. ~. 4 de.ieable feature for all ~tructur.~. but it 
1s "oed .• lly .4v.nt.a9.~u. fw protect!". conatructt~i1 
tp~lic-'t:ione_ [nt.raediat. and etructural gr.de r.io
!or~in9 a~ls ~ed in concrete construction have tho 
a;trea.-strllir. ctulr.cterieU.cI abown in Pig. 1-1(b)_ 

Moa.t .t~w:t.ucAl. ,teel, of Intere.t ~iln 
to yi~ld .t atrain •. .,f about 0.001 or 1..... Aa a.hown 
in rig- 8-1{b). tne more ductile ateel. can undergo 
fairly 1.'1'98 .~:~in'l beyond tltl.e point bef .... r. the ona.t 
of .t~41n hardeninq. On the b •• ia of .train ~lon •• 
duct~llty rA~l~S of 20 to 30 or higher would aVP8a~ 
penailulble for Ule low c&l'OO!'\ structural at. .. ls. 
pra~t~c&lly. ~~r&in. ?f these "9nitaQ~' could .. verely 
dis:ort the ~~~~ ard degrade ltl 8tructu,al capacity, 
~~d Q4ctility r.tios ~n the cr4er of 1 to 5 al. nor.ally 
use-J f0: dea i"n p.lrpo.... '!'he higher rAtios &l') proba, 
bly app(c~.ia.te for vulnerabi.lity analysis wher •• ev.r. 
dAIN'1e la the ceitel. ~r.. Whilt! ttl. h··9ft .trengtlt eteals 
riel .. at. h .. qher .. tUL,S, their overall ductility .. y be 
1O'W~-' beC<'lllSe .:>f liJuted platticity bey:>nd 11.1d10g_ 
They ca,. hovever, bE' ..:~ed aCvllnta9.t()Us!y in t~se app.i
~ation. -~q~lrin9 elftstlc or neally eldatic respon ••. 

,~ .. , ..... '""' .......... ,.,~.".~;~~''''' ~4"-< ........ 1; .. ·~' ......... _-.~ .... ______ ~,.._ ~_._r_'._ 

b. tri.xial 'rop!rt~es 

under .. ny loading conditiona, the criti
c.l aection of ... t:.:-uctuc ... l el_nt can be .ubjected to 
biaxial or triaxial .tr...... Dep6ndlng on the aAqni-

... ~ !~.< .... <"tr,~~ ~ ... , 

tude of the -~:;.r •• s ~ftent.a and whether they are cc-..,: .. , •• -
.iv. ~ ten.i!~. th •• l.-.nt cvuJd bAv. _ gr.-ter or l ... er 
r ... latance to d.foClUtiona than w ... .: calculate..: on tne 
ba.ta of uni&Xi.~ .~e..... If .laatic r •• po,... ia 
specified. the sle.eat'. capacity can be d.terained u.in9 
on. of the va''"ivua theories ()f 'ailur.. Slightly dif-
f.rent r •• ul tal 61'. Qb .... ined d, pending on tbe theory of 
failure cbo.e",. 'ria .... ia~ ahearine) atres. the<..ry i. 
... uatsd herein t.o r .... onably predict the atrength of 
ductil. IlWit.riala under t..'ae st.rea. coA4,itiona 1.0nu11y 
encountered 1ft -.oat load r~UI.l.t tng .l.-.nta. It i. not 
-.pplicable t,; tbe sule of .tr~.a con.ai.till9 of l1e.r1y 
equ.l triaxi.l ten.Ue .tr ..... ¥Mra f4d.lure occur. by 
brittle fractl.l\'. rather ~.n .'ielding. Accordio9 t~ 
the ... '!:iaua .h .... ring 4Ue •• theory. in.,l.atic action 
begins when 

where 

(~' ... _ - a . ) /2 - f 12 _x aJ.n T 

C ... • aAJdalal ~·all." ot: nQn.4l tri.xi.l atreas 

a.in • a1llim'» value of noraal tri~xi.!. etr ••• 

fy • yi~ld .tre •• fo"- nat:.rial •• d.u ,-r.1in • .!d 4" uniaxial tensl"n teat 

(I-l) 

For thoae .~rl.lc.ti~ns where In.la.tic detoraationa .. y 
b~ .cc6ptAblo, the reapenae of element •• ubject.~ to tri
axial states of .tre •• can be inv .. tiqated by appli .:ation 
of ~ th(ori~o of plaaticity to the specific conditiona 
of int_reat. No general 9uidance can be provided herein. 
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c. Rapidly Applied Lc...~<!. 

The .ecbAnic.l properti.. of ~ atruc

tuzal .. tartal. are aff.cted by the rat. at wbich .train

iD9 ~ •• place. Tho .... tala h.niD9 d.Unit. yhld 
point. anel pronouncecl 1'i.ldinCjj aones .how a IMrked Y_rj,

ation in ~aic~l prop~rtie. vith cbu\ge. in loading 
rate. In general, 1'i.lel .t~~~qtha ~ill be higher under 

rapid .train rates than under slow~ppli.d loada. A 
large p&rt of the ~ncr .... in atrer.gth vitb rapid .train 

rate i. attributed to a l •••• r &aOunt ~f plaatic defor
aation baving tu.. t.c occuz during d)"!!..tc 10.din9. Ac

eordiD91y, a hiqMr .treaa would l' requixe4 to produce 

a failing stratA. If this line of ~ ... oning is cQxrect, 

the lIOdulu. of elasticity of the .. torie1 should :lot be 

gr.atly affected by atrwin rate. and it .ho~ld be posai

bl. tc utili •• & .tatic load defomation l"A1ativnship 

vitn a rea.onab1. d~c yi~ld atr... f~r de.ign and 
analy.is of .t,ru.:tllre6 uubjectea to blast; loads. The 

lillited ..ount 01' exP*triaenul data that are available 
_:.apport thi. a.pproach. A.. the strain rate incre ••• s, 

the y~.ld atre.s incr~R.s to .cae d.ynaaic value while 
the lIOdulu. of elasticity reJaAins constant. Because 

of the high.r yielel strangth and con~t.ant SIOdu£,;.ls of 
cla.~icjty, .here ia al.a an i~~re .. e in the yie1d

point atrain. In add~tlon, there is an increa~e in 

the strain at which str~in hardening ~ina &nd some 

sli9ht increase in ul~~te 't:~~9th. 

In an actual structuz., the strah~ rate 

ia dt'ittenai.ned by the re;lponse of the structur. te> the 

dynaai loads. A dynaaic analysis CAn provide estinateu 

of aaxiaua atrain rate. which. in 9.n~ral. vill vary 

with ti .. And location in the .tructure. Since litruc

tural r •• pona., .tra~n-rate and yi.ld str.ngth ~re 
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interdependent. a t..rial and error method of analysis is 

nec~ •• ary. Hovever, in view of uncert.int~ei in ~ther 

var ... ablt!a, 9'C'.at precision in evaluation of strcli .. rate 
.ff.ct. is not norlllAlly justifled. Referenc(, 8-l auq

C)eata that atrain rate effects can be estimated fn)l1l 

the tiJl!'l requir",d to reach y .eld atee.a. Fl gure 8-2 

shmf. th"! effect of time to yir 1d on the Yl"lj strength 

of A-7 IIItructuraJ and t .... o grades of reinfor":lng steel. 

'Thc; t1Jle to yield can a Iso be obtained fron a dyna:'ll C 

analysia. but Ref. 8-2 at6~ea that it is senerally in 

the range of 0.2 to 0,) tt.~a ~he fundamentll ~eriod of 

vibration of the el.,ent. 

A tt.e to yield of about 1 sec 18 r~pre

aentative of atatic yield strenyth. Many clasaes of 

structural element .. will ha'/e time to Yl.eld in t,'le 

range of 0.01 to 0.1 se:,conds. Fer these ranges in time, 

rig. 8-2 indicates an ayera1~ increase in Yleld strength. 

due to strain rat,e effects. of about 10 percent. 'l'hus 

in the abaence of atruc:tural responSE data to lefine 

ctrain-rate, it ::an be asawned that the dyr,al1llc }'ielc' 

strength is apPl'oximatl!1y 10 p~. :::ent 9Ieater thal'J t',he 

static lower yield point stren'i/th. 

Although only two typea of steel are in

cluded in FiC}. 8-2, airui lar ~ncreases Bre ,x:,,>ctcd for 

other ductile steels. The higher strength ~teels, with

out definite yielc. points and pronounc~J y: EilHng ranges 

do net exhlbit as h~gh an increa£e. It i~ suggest~d 

that their dY':amie yield strength be tl't:€.~ equd t.o 

the static valu~s. The strain-rate effect on Itlmate 

.tren9th is usually n",',;,lf;eted for ail ste.,! s. The dy-

n .. ic l\heAr yield strength is taken equal t,) 0,6 t),('!It'S 

the dyr,amic tension y~eld strength. and ult:'l1;d~.e she,n 

.trength ir taken equal to 0.75 t~mtcB the uitlmate ten

.ile strength. 
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1J~!el' c:erte1r. conditinn. of Ulaxi .• l 

10e4i..,. at..el 1, .... -.c:h of 1t.. ductU1ty. In thoe 

abJence of dYIUlialic te.t data for triaxial .Ult •• of 

.tr •••• it is .uqgeated t.hAt dy _ic "1'~rtil'!fI be 

a.a~d equal to tboae aper.ified for atatic cond4.1on. 
lD triaxial load c, .... 

Alt.hcU9h a l'rotectiv •• tructue 18 n.')t 

required to withatL .uS a lu~ nu&ber of n\,K:l.M' att.adC8 

IU<:h thAt. fati~. ~oee. a ai9nificallt proble!:.; aoae 

fa.iliarity with the pbenoeena can be uaefQl in .any 

.. peet." of prot.actlve ronatructlon d.a19n and an.e ~ y.la. 

At low applied atreaa levela, fati9\MI wUl rare 1, be 

altDi ficant except po •• iDly .fter a verl larCiie nwra.ber 

of =1-.-:1 •• or in the preaence of Ul\\.!.ual c:ondltlona. In 

protective CVl .• trucc.ion application •• h..,.".ver. plaatic 

~ .• vior 1a t.M rule rather than the exception and tM 

nUliber of 1064 reverillala a _~: can be expe.:ttid to 

withatand can be dra.Ucally reduced. The .)venll ef

fect dep4nda upon nu.erou. variabler.. incl,dlng nuaber 

of cycle •• ta.perature. load level. type of •• terial 

and ot·hr •• 

II the ca .. of ateel atructures, t.he 

nWibeJ. of cycl\l. of lOL-i reversal And percent atx-Ain 

.xpected in protectivu conatruction applicat)ons should 

~t a~ver.ely aftect the atx-ucturea resistance to l?4d. 

to ary ai9nificant de9ree. Deptndin9 On the levpl of 

.tra).ninq a.ld nwaber of load rt,vera.la, there I..ay boe a 

deC"'I"~. in stiffn,. •• an increased tendency fOl buck

lin9 of flanqe.. To the contrary, there ia aome e.~r

i_r.tal evi.dence of incr •• aed refiistance to defor.at ion 

aftflr the fil'.t cycle of lcadi<l9. Fiqur. 1-3 shows the 

for':e-detorlllollti In relatier.a f('>l.'" 'l ateel frUie subjected 

to three cycles 0' load~n9. A 51qnificant .tiffeninq 
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of the .yate. i. apparent. T~ aany variable. aff~ctinq 

eyst .. r •• pons. pr.elu~e general guidance re~4rdin9 th~ 

.ff.ct of load re~er.al. Th. deslgner or an&ly~t should 

be awar., however. that .u~" changes can vccur even 

under very low ~u.ber. ot load ~yclee. 

d. Radi~t1on Effect. 

'the behavior of struct.ural materials in 

ti •• intenee radiation f:!nviron.ents acco~panYlng it nuclear 

bdrst 1a a very ca.plex ph.n~eenon and atill re~uirer 

.uch additionAl theoretical and .x~rlmental 1nve.~~qA~ 

tion. However. aOIK ai.pH fYl.nq aSl lItlptions can be made 

to Clbtain 9ro •• indication. o! t!le typ.? and extent :>t 

dagaqe to b& • ~ted. 

'th. q~ ray, neutron. X roy. and th~r

.. 1 environ .. nt. produced by a flu<:lear detonati.)i: aay 

caa.e considerable ddma~e t~ facllitie~ and str~cturAl 

el.-ent. on :1r above the qrount5 surf~'~f9 ilt close-in 

ranqe·.. 'lhe ... radiation. can result 10 char-gee in prop

.rties of the ... terlal. anc! t.her~c!":a"';lcal da_qe to 

structural el.-en t.. Bott. tVFes of effects a e a f".lnc

t\on of the type of rad:..atior. and its energy sp!!<:trum. 

'lMl.-moIIechanical effects are also influenced by the 

pr.,perti~. of the rat.erial, structural -::onfig.!cation 

and detailc o! the f~cility or ~le.ent, and rote of 

d_~iv.ry of the rad'ation • 

R~iation effects 0;. mdterial prODeI-ties 

qeneraJl.," .... ult fl.OIa ditllruption of tL.,' crystallin ... 

structure of ~he .&~erial. ~cau.e of their greater 

path lenqth. in the aal.:'lrial, ne.1trons an~ the most 

.1q .. ificant radiation in causing chan .• ,s in _terlld 

p~o~rti.s. The .oat importa:lt effect CI ga.mm.s radia

tio~ i. the production of electron~ ~~lch can cause 

ai.~llL:~ changes but to a lesser :!egree. 
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Discu •• lon. of ~heoretical and experi
!lental 8tuc:li •• of th1! effecta of radiation on at.l'\actural 
.etals and alloys are included in Ret •• 8-4 .n~ 1-5. 
Most. of the ekper uaental data eontainecl in t.he .. reter
enc-<!s were qat:t.~red fra. .badie. in nuclear rHetors or 
~rtlcle accelerators, and some of the data pertaining 
to tot.al radiation do.e .. ~ obtained froll auch lonqar 
exposure a to tbe r adiatio.· source tn6a .oul4 be exper

ience.i in nuelear explv.ions. Althouqh .. lIty of the 
.. terial r~sponse6 are pro~bly not dose-rate senaitivE, 
the poasibilit.y of dose-rate aensitivity at<N14 not be 

over100koo. 

One of the lIOat blportant f •. ctora qovern
inq radi~t.ion effect. on .. tals i$ the ta.perat~a of 
irradiation. Ot.oor UIportant vanable&. are .. ltinCj point. 
cry.~a1 structure, prior theraal and .. chanical history, 
radiation environment, and neutron flux. In ~ne~.l. 
~tal. &no alloys bec~ harder. stronqer. and le •• duc
ti 'e sfeer exposure t{ neutu radiation. l'iCf'U'e. 8-4 \.) 

and (b) show t~ effe~t. of f •• t ~.utron fluenee on the 
rield and ult'.aate jltt.renCJth. of car~ and low-alloy 
steels. As ahown in the •• fiqurea, aiCJftificant incre.sea 
in yie;'d and ultin.ate atrenqtb ... an re.ult frca expo.~re 
to nuclear r.di~tlon bu~ only at fairly hiCjh neutron 
fl~ences. SoMe of these cbanCje. disappear .t hiqbPr 
tea..<>eratunt., 80 theraal radi.at ion can c:aaplic.t~ e.
tlaates of the net effec~ of nuclear r~diation. 

The c~position and initial atrength of 
ateel .. do not neceasarily have a 9reat in~luenee on 
thelr cnanqe in propertiea aft~r irradiation (Ref. 8-4). 

1he nine steel» CIrcled in Fig. 8-~(a) bad initial yielJ 

stct'nqtns varyiI.g froal 40,000 to 150.000 pat (21.,,00 to 

10 1 ,400 N/cm2). but after irradiation, ttleir increasea 
in Yleld strengths were app:oxilllately the • .-e. 
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Carbon ana 10v-al10y ateela alao exhitit 

a .s.cre ... in ductility when subjected to neutron racH

attan. 'f'he decr.al1tt in d\"'itlay ia quite variable and. 

for the .tee 18 reported 111 IWf. i-4. the percent.&(Je (t 

deerea .. ift elonqatiaa at failure varid frae 6 to 8<

percent. Th. transition teaperatue tor =t-an~ frotll 

l:)rittle. to ductL .• be1o"',-ioc is .1110 affected by irradi

.tiM with incre .. aea ~f up to !>OO·" (27a·C. laOted. At 

the transition t..., Tature. there 1a a aarked deeNa ie 

in the ~qy u,sorb1A9 c~city of the !Uterial. Fu 

~ ~ t:~ .. of .teel, the tranaition t-.pcratuce 

r'an~a fro. 0 '0 -lOCl-" (-18 to -56-C). thu,," a ~O·' 

{27.·Cl increase would r •• ult 1ft britt~e char~teriltica 

~ver -aat teaperature ranqes of interest. F~?ure 8-5 

sbova the effect of neutron radiation on the enerqy 

absorbed at fracture. and it is apparent that l&1"ge de

ere .... in d"ctility ara possible. ,.,- rly hiCJh teaper

ature c~alin9 after radiatton can greatly reduce ~he 

effects of udjation. 

If the .tructure under conFideration is 

expected to be subjected to • neutron fluen~ in excesa 

of 1018 n/ca2
, it ia reeaa.ended that a detailed analy

ais be .ade of the co.biAed neutron and tberaal en'l.iron

aent in order to e.alu.te the effect on ~operties of 

steel por ... iona of the .tructure. Beeau .. of the un

certaintie .. reqa!'din9 the net effect of neutron ar . 

theraal radiation. it is rec~nded that no incre,j"e 

in yield or ultiaate .trenqth be a.suae4 for das';'9:1 

P'U'PO .... 

~be~l effect. o~ the propertie. of 

.tn.ctural .t..el. vill depend on the a.aur.t "f radiation 

.r .• r9Y d.~site4 in the .l~nt .md the re.ultinq in

cr..::. .. ia teaperat>:nre. lteterence 8-6 stat.s that the 
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carbon at .. le .ad in platea an4 5U'11Ctlital 8~ .. -

hibit atraia a9189 in the conacant ~-.parat~e raD" of 

100· to 700-. (14'- to 171-C) •• veh that at abo~t 500·. 
(260"C). t.ha tea.Ue at~ Ie about 10 pel'Cellt b.i~ 

than it ;a at roc. tellrper.t~. At COQIIt.aat t.caaratarec 
abo .. 7~O-r (Jl1-C). the rielt an4 ~~~il. ctreftgtbe of 

all .tee1. cleclwaM vith 1ncr ... ,.iftl? u.perat~A, &ad at 

abo~t 1000·. (51.·C), the ,ie14 .treft9tb of the oarboft 
at~... ia ~ 70 percti'nt of that at I'oc. tAllDpel'ature. 

".. ... hi9h-.tz_,th low-allor .tntctural .~le Ieee ~t 
40 perc~t of thair atreft9tb o .. r the ._ inCAa.. in 

t:eIIIperatur.. 'ftla cSepoaiUon of an.l"CJY by Deutn)ft, 9-

aru;l x radiat.ion can aleo cauae .191- ~f1CaDt Ulcre .... in 

t.eaperat.ur. of expoae4 atM1 a1 .... ta. At bl9h.r radia

tion lat_aiti .. , tb. ~rature incr ..... _, be :..~. 

enGQCJh to .. It • ..,aU or vapori.a porUOIUI of the .true

ture. '"'-.. pl'Ob1 ... ara treatecl in a.ction VII. 

1.2.2 OoeCAte 

a. UIliuial 'roperti •• 

.iDee concAbi 18 use4 8OCt1, in oa.prea

alon. it. ~A •• 1v. ~tr ... -.traift char~ri.tle. are 

of prt.alY t.pGrtanc.. Figur •• -, showa a typical .. t 

of .tru.-.uaill curva. for UIl1.uial cc.prua1cm cylin
d.r t .. ta at ftOraoal • .x'erate. loading r.te. on eoncrebl 

21 d.y. 014. ....'·.1 iaporurat ch.ractertatica of con-

crete can be aote;! if' thea. CUl':V6a. .1r.~. the .traIls
.Ua,i.n reJAtlon.)L~ ie obv!oWlly nonlinear oYer .,.t of 

it. ran9a' S~~d. concrete i. a brittle .. t.erial in 
CQIIIIparieon with at.ructural au.el and reachea ita .axi.

.ua ~~r.n9th at strain. near the yield point of ~ 

rei: fOl'c1Dq ate."'. 'l'tt.ircl. the .lope of the lll1Ual 

'.>ctioo of the .u ••• -.tr.1n cur-·. inC' ...... with 

Ut 
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Lac»; ... l .. ~lft .t.fta9t;.Il. A .... 1 .. of aluUcltJ 

co1:'nepooti" to till. blUel dop. 1. CCIIIIIIpUt..t !na the 

elllPlr10al n1.a UOI\A1p. 

•• l,.l,SIl! pal 
c 0 

• 1']'XIO'~·5~ a/aD2 

whue 

" • we1pt of OOIluete, 1I»/ft1 OK' a/(81 

f~. apacUl.t ~ ... 1 .... ~ of oc.creu. 

pel or W/c.2 

(1-2) 

~ t:be Moll)' yadabl ... ffecUDI t:be 

OCIIIPhl\Mi.ft .~ of OOftC":'et.a an tbe ~. of .. ter

lal COIUIUbMnta, their proporUoae, _tbod aDd u.. 01 

curiQ9 aDi1 &ge. IlDat of tile .. Yarl.tlle. are acoounted 

for by ..,..:lty1n9 a ZI-day atrellgtll of teat cyl1D4e.rg. 

All .""- 1a Pig. 1-7 the aUeJlCjtb of a OOQCr.te IIJ..x wUl 

ftOnaal.q OO1ltiDU8 to ~e be}'ODd ita 21-4ay .t.nngtb. 

-.u. it 18 c:cmaerfttt .. to neglect tIli. iDcreaa. for 

-Mai9D PiZFl .. , t.be aaalyat abou14 be aware that the 

actual .~9t.h of a coocreta .. y be 50 perceAt or .ore 

qraatu daaD tbat. apecifle4 at. 2. clay •• 

Alt.baa9b OOftcreta 1. POnMlly ".84 1.n coa

pr .. ai.oD, ita terulila .Uenqth _y be of 81gnJ.f1canc:e in 

__ appUc.&t1oaa. fte flexural t.ena1oa .~th (aodulua 

of ~urel of concrete 1. uaually related to ita tenan. 

8P:it4:iag atr8Q9th. I'or M.n4-91:a.,..1 oooc:retea, ltef. 1-1 

.tatM thiat. the teaail. apl1ttin9 .~t.h c:&n be rea.on

~ly .. ~t.....4 aa , to 1 u.... n:. and the -.o4u!.ua of 

ruptu ... L 25 to 1.75 U ... the t..uaU •• pUtting .trength. 

fte dlall.r of the abo ... facton appl1 .. to bigher .trength 

OC)Gcre~ aN! the l~ to 10lNr auangth concrete.. '!he 

allowable .h~ar .t.raaa 1 •• fUDCt.ioft of the total .U ..... 

ac:tl~ OIl a aactlOft &ad 1. dl.CQaaa4 1ft later .-ragrapba. 
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Aa .howu 1ft rig. 8-6, the .... xi&. .. load 

(titre .. ) c~c1t.r of concrete occura at .. atrain of 

~t. 0.00'" and dropa off rapidly at. biojl'.er .tu~:'\&. 

It i. obvioua .tlWIt wben .tren9th .)f the stx'uctural 01e

... t. i. OODtroll84 by cruahing of the ~crete, only 

low d'~ilit)' ratioa are alla.&bl. WDle •• aa.e provision 

1 ... de to iftCrease the ductility of ~ sat.rial. 

Becauee of its Uai ted dw:tl.li ty and 10lIl' 

taMi1e atreoqU. concrete structural .l~nt.. are 

ueu.lly reinforced with .teel. This i. particularly 

true in th. ca •• of flexural II&IIiber. a~J",cted to b1tnd

iD9 ~ol:ceft. If tho ..-bes: 1& &&nden'einforced. yieldinq 

of tbe .teel will occur before the con~et<Ot cruahes. 

rairly .larve t.uaina CaD occur ia. the .are du~~tiltl re

Inforc:iDg at_l. bafore the on.at of .tr.".n hardening, 

ar.4 t.ha ductilitl of the concretlt -..ber U lM;:re ... od 

.i;nlficantly. However, at larg8 .tr~in., cracking of 

the C'Oftcrete reduce. the coapr •• sion are., and a cun

crete coapre •• ioft failure ia Uk.ly to ·.;.·,::cur. 

Aa in the ca •• of .tttel .t:~·,;ctur ••• func

tIonal requir...nt:.a .u.t be considered ill cetermining 

all allovable d~tHity ratio. CoIap"'efs~ol. and .Mlar 

failur.s due to yi.lding of reinforci.·ICj Ifteel are con

.14.r~ ductile behavior. Since.~ inel~.tiG behavior 

1. "."ally allovable in all .tructUlf... J. t i •• u9Qe.ted 

that ductility ratio. of 1 to 2 be U led for reinforced 

concrete ..-ber~ who ••• ~~n9th i. limited by compres

sive or .hear .trength of til. concr"te. Ouctll i ty 

ratio. between 3 and 5 are a~prC'pri:lte for all other 

reinforced concr.te llelaber.. Jl'cr t .rget analy.is. wh·"re 

.ever. daaaqfl .. y be the objective a dUd.iilly ratio 

of • i. auwe.ted for brittle e14llD'J!nt. and 20 fur duc

t.il. underrelnforced elements. 
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b. Triaxi.l Froperti •• 

A. 1n th. ea-. of structural .teel., con

crete _!' unci • certain conditions be subjected t~ bi

axial or triaxial states of .tre.s. 1~. t~al loa4 
(.tre.s) earryi~9 c~city 1. affected by tae relative 
.. qnitude of tbe stres8 co.ponen~ and whether thay are 

CQRPre •• l •• or tenail •• 

~f.renc. I-I ~port. on a •• rl.~ of bi-

8xi.1 and triaxial teat. of concrEt. with _ noainal un
eonfine4 COIiIPreasion atrenCJt:. vf 4000 p.l (2760 N/c:aZ). 
It conclude. that hone of the existinCJ theo::le. of fail

ure can he uaecl directly to d.acribe t.he faUure char

.cteri.~ic. of concrete ~.r triAxial .tre..... 'i~

ures 8-j an~ i-' pre.~nt .a.. of the experi .. ntal re
sults of tbe "tudy. Althouqh t!'\_!r. ia ao.e uncertainty 
in extendinCJ the result. to the su ••• (~d1tlon. in 

real structure. and ~o other concret~ stren9tb., they 
can be considered a qWlUtati.,. aeasure of the effect. 

of biaxial and triaxial atate. o! str •••• 

Piqure 8-8 abt)V8 the relation.ilip. be

tvet'n the tin"." pnncipal .tre.ses at failure for the 

case wt>('re all stre.ses are ccapresaive. ,.he l\ot. 

represent ex~riaental data p~int~ and °1 , 02 a~ 0) 

are the principal triaxial .tres4es. Yhe princ:pal 

stresae:B are roralaHzed by dividing by or' the uneon

fined uniaxi.al ~r.alve etrenqtto of the concrel: ••• 

obtained frOil eube te3t.. All test.: were -:onch .. cted on 

Cllbe spec iaena • 

Fur the biaxial stres. condition (J) • 0). 

e. e<.-nfining pr •• sure (° 2 ' of 0.3;-;1 incrl ••• s the ''011-

pressive strenqt:h of the concrete by about 30 perc~nt. 
A triaxial state of stre.s c~, result in acre dra.~tic 

increases. At ~ uni~orm lateral confininq pressure of 
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0.2°1 , the ~r ••• l~ .trenqth i. ~~c~.e4 by .~O 
percent. Refer,noe I-I Indi~~te. even l.~r increa ••• 

for hlqber confining pre •• ure.. ,~ triaxi.l ~pre.

::iwe .trengt.h decre .... with decr ••• in9 It'int.. "rind

pal OCIIIPI'e •• 1V8 atre.e. 0 l' aM for .ny .ign).flcant 

&t91lit\MSe of tenaile atre •• , it ckopa below the Ul'.l

axial OCIIIIIPre •• ive .trength. The uniaxi.l ten.ne 

atrenfrth ••• found t.o be about a.10r .nd it. w:a. only 

slight.ly re4u~ br equal triaaial ten.ile .t.r ...... 

Pigure 1-' .howe the eff.ct of bi.xial 

an4 triaxial COIIpre.Sl.W8 .tre .... on t..fte .tre.a-atrain 

relat.ionabip. for concrete cube.. Al.o plotted in 

Pit. i-9 for ~.rl8Oft i. an unconfined campce._iwe 

(uciaaial) .~e •• -atr.in curve cepre .. nting .veraqfta 

0:' dat.. report.ed in Raf. 8-8 ~ nWlber. i4entified 

with eacb c:une indic.t.e t.lh! rat.io. of principal atrea. 

3.1\ t.be order "1' °2 , .nd J' Note t.he auch ul'ger 

.t.re ..... nd at.r.i .. a.aociat. .. with the t.ri.xi.l te.ts. 

In t.be triaxi.l teata. lI&Xial:a "1 .tre ...... occured at 

.train. ill tho. 01 di-... ct.lon ran9inq from 0.006 t.o over 

0.0.. AltJy\UCJh tiw concrete w.a .. verely fr.ct\lred at 

theae aU.ioll, it cont.inued t;O .upport the applied 
l~ aa lCtl9 a~ it waa confined. The cr.ck ~tteril 

depended on tt.e ratioa between the princi?41 .treases. 

Whil. it is diff\cult to ~.tabli.h de

si9n or .a.lyais criteria frca the lUai~ed d.ta avail

.t. '.e t it ia obvioQa that \meier cert.ain conditiona of 

loadi~9 ccncr.te is .iqnific~_ly .tronqer than indi

c.t~ by noraal unoonfinpd coapre •• iv. .trength tests. 

~£a •• v. concrete -t,ructures, or tho~e confined by 

steel 8Pclosurea or reinforcin9 at_I, are .'.are to 

darive aa.e incre6 .. d resiatance due to the confinlng 

effect. of t be aurrcr-ndin9 .aterial. R:i.9h &irblast or 
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8011 pr ... u.a ~ft alAo pzvoride ea.. _.: .. of COAfta.

-.nt. rc.l<a.HlDCJe 1-9 a~::, t.b&t t.be .ff~ of ooa

fining pr ... ~ .. c.~ ~ .. tt.&te4 fra. 

vlMr. 

0a • O.'5f~ + •• 10Z 

0. • ax181 CQIII)r' .. i~ atraAgth 

0z • _1for. l.ta.:.l COIlfiAing pr ..... 

f~ • ,,-"\COnfined ~e1 ... traogt:.b 

~tiOil !-l gb... lower axi8l COIIpr ... he at.nncJtU 

thAn indiC.ted by d.ta reported in It.f. I-I b\lt &9rea8 

(I-~' 

~ll vith r .. u1u obtainecl frc.. cyU.,.dcre QOtltin414 laural

ly by fluid pr.,..~.r.a. Itq\latioo '-3 ia DOt 41.:-:ct1:, ap

pI; 1;)1. ~ tbe CW. 0' DOn\lllifona l.taral conf1a.l.Ag prea

.ur~· . 

If the l0a4i.Ag conditioraa of intaraat 

core_pond to the concrate at.raagt.h aa4 atc.aa at.t:ae 

tr •• ted in Ref. 1-8. the r •• u1U report:ecl tMr.1n can l>e 

uaed to e.t 1a&ta the triaxial co.pre.ai ... ~gth of 

the concrete. In thg abaenca of 9\lidanca for other 

condition •• u. of Eq. 8-3 t. r~de4. 

Transver.. rainforca.aot. .uch a. nor

.. 11y ~rovide4 in coluana, can re.ult in .ignificant 

l.ter.l confine80nt of the ~ncr.te under ao.e condi

tion. . Raferance 8-9 .tat.~ that c.. confiniAg pr"

.ure providect by spiral or circular hoopa can be .. ti

.. ted fra. 

2A-f

°2 • --!.-! .6 

'27 

(8-4, 

wben 

A: • cnHta-..ctional u .. of uan • .,.r_ J:einfczca
-.At 

f: atr... in tr ..... r.. .:.iAfor~caaAt 

8 pit.cla of traJUlYa':1HIl & ...... ~,f"lP. ~t 

IS 41_ter of oonf ined ~n(;; ....... tA 

a.ctaA9Ular ~ ar. not .. efticaer.t in conhni~ the 

OODCnte an4 the later.l OODfinin9 pl· ••• ur. aboul" ne f 

be t-.n 9I: •• ter than 

-?~>t "'V~~~~~~-(~.;~~ 

C~.· , 

.l;hf ;. ... 

°1 '........-
('-5) 

... na 

A~ • cro.a-aKtloaa1 ar .. of tr&J~Y.r •• hoop ca-
1aforcelMAt 

f;" • atr... in tc~YaJ:_ he.,., re1nfQ~'t. 
h • loD9¥r ctiaenaion of rt;,ictangular coucr.t. 

area aDclo..ct by hoop 

a ... rtical apaciDg center to a.ntar of hoopa 

~ confinIng pra •• uraa obt.ined frca 

Bq. 1-. or 8-5 ar. u.ed In Eq. 6-1 to obtain the axial 

OOIIpreaaive .trength of the concr(tt.. It the Ittlntore

lng at .. l haa a well defined yi.l('\ point. f y ' til .... .uxi

_ re.1.tanca 1. attained. wnen th .. atr ••• in t'l. u&J.a

~r.a r.inforcing 1. takaa oqu.l to f y ' ~t .trAin ... -

aociate4 vi -il the higher .t~ ••• capacity of t.'\e con

fined COftce.te. the concrete ahell outaide tbe tr.n.-

var •• reinforcing .. y no longer be capable of resistinq 

load.. Accordingly, the load c •. nying .::apacity at the •• 

atc •• a l.v.l •• ho\oA.d be kia.ad or. the (.'<incret", within the 

t:ran.~r •• r.inforcing. ConfineMent will al.o incr •••• 

the allowable .tr ••• and ducti11ty of reinforced concrete 

U8 

..". 

\,.,. 



~. "'j~ ~ beadin9 OC' ~f;)" beD41"9.~ 

a.l.1 1<"ed •• ..-eft ~ .. IF • por~.k. of U. f" '''OlIa
eect.ion IU.7 .. Wt4e .. ~_i .. au •• tQ.. 1 ... ~ 

caae •• ~. u.r ... y ... a all; .. t. re4llctloa b' 

~.ll loed CU'ryiD9 c~lt.y due to loa. ~t .ff.c

ti,,,,,,, •• of tM eat .. l-:l .,..i<1. the u ...... rlJfl reiA

focci"'9. 

C. 1ll''',!41x _U" Lo.4a 

bperi_ul .. t:. in4iC&.A that. t.M u
oonfine4 hm1_1.1) cOIIpn •• 1 .. au .. ,t.h of concr.u 
.leo increaeee with r.t. of l0e4iftC). Aa La tM e ... 

of "t .. 1. t.M au.iD rat.. caa be rel.t.ri to the t'
nquire4 to ~,j.14 tba .1_nt. The .... ,. .... train ... t. 

1. obt.1.Ded by clivi41 ... t.Iw ,i.14 ct.raia b7 t.IMt u._ 
to yi.14. A 4yaaaie anal,.1a c:ould be ..... to .. te .. -

aina nt~ t.18e.. but a .. r ..... 1 ... e&D be ..... t.o 

obt.ia .& .. t.t.a~a of the affact of 10e41Df ... t.e ~pon 

OQIIII)ree.1ft .u&nCjJth. Ueia, the .s.wapt.iOft pr •• iOlJa1y 

..... for awal. that. a viM c1u. of at.J:QCt..,...a vill 

~ tt... ~ y •• 14 of 0.01 t.o 0.1 a.con4 atr.ia 

ra~~a f~ U»out. 0.02 to 0.20 per .. 00ftd are obt..1ned 

(fnr a ylald .train of 0.002). Por t.ha .. atrain nua. 

Pi,. 1-10 laUeat.a an ."1'.'" 1n,- .... a ia OQIIPre •• i ... 

atrenc,th of aboat 20 percerat. ..terenc. 1-2 1N99&.t.a 

t'at iner ..... of 20 to to percent are posaibl. for 

• tZ'Ueture. an4 1oa41D9. of intere.t.. 

POI' t.ho.. iA.t.aQC •• whM'. the actual 

atr.1n rat. 1. know-, the effect oa UftConflaa4 cc.pr •• -

al ... at.rancrth can be obt..inet f''''aa Pi9. 1-10. P« 

od .. r ca.... an inc" ... of ~O, i.a .u9Ifeate4 •• npn

aantiD9 a -.dian valQa for IIOtIt 4aaip con4itiOft. of 

int..r.at. Por purpoMa of tarqat ana1ya1a. • •• lu. of 
)0 percent aay tw __ re appr<'prll!.te. The inere ... in 

Uf 
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ult'.lMt..t atrenqth due t.o dynaai.c l~ding at.ou14 ~ ap

pll.ed tu th. atatic unconfin.d COIIrpr ... ic'l atrength .t the 

tillDe of loadinq. Aa noted pre·"ioWily. the atren9th of 

c:cnc::-eto .t the ti._ of loedil\9 -111 DOn.l1y eac:ett4 ita 

a-dAY atrenqt.b. If thP. allowable CGapre.dw atre-R9th 

is incr ••• ed due to confining pce.auree. it i. reco.-.nded 

th!'\t no further incre •• e be as.\IIted dIM to rapidly applied 

l04d •• 

A -.11 nlaber of loa" cyc1e5 which ax

Ct'Ied the .la.tic liJIit of the concrete .. y ea\lSe .i9-

~itic .. nt cbanq •• in ita resi.taaCe. ~iq~. '-11 ahowe 

t·i.e effert of repe.ted loading of pl.in concrete in oc.

preslt1on. Note that th~r. is .... aoft.enin9 of the 

lMterial within two cyclea of lcMding. and the deforaa

t10na increaae with each eyel.,}. Aft1r e.ight cye~.s. 

i~. re.iatance ia .bout 2S percent of what it was for 

the t to -.t. Reinforc..ed concrete ...abe" IlaY behave 

s1..ai __ 'ly, but the overall ef ~e<"ts depend on structurel 

details of the ...-bel' and the a&gnitu-ie of th« load. 

• i~ure 8-12 shows the effect of repeat.e,A load. on , in

gly-reinfurc:ed concrete be.... waUl that although de

fonaalio~ iner •••• w1th the nuaber of cycles for all 

be&Jaa. t.he UDOerreinfo:-ced bea:-a do not sbc"lf a deerea.e 

1n reeistanco. Maxi.ua resistance of the cverxeinfcrced 

(p - O.Ol!9} be~ ia controlled by concrete .trength, 

and apallinq and cracking .Jf the .. terial cauaea a lOre 

rapid deqradatlon of the reaistance. Repe~ted yielding 

of the longitudinal reinforcing can cause spalling or 

vartial 10 •• of bond and .lso degrade structural resia

lanco. AlthQugh no general guidance i. po •• ible au to 

t~e magnitude of the effec~, the deslqr~r a~ould be 

a~are ~at S~ deqradatio~ of r •• l~tAnce can occur 

unde:' r!pea~ed cycl •• of loadin~. It can be con~erva

t~v~ly neglected for target analvais. 
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d. aadlation .ffect! 

"ference S-S report. that neutron fluencea 

of I .... thaD 1 • 10
19 n/ca" or ~ flua.. of 1 ... uaan 

\0' rada .-r belU' vill not change the pcoperU •• of port.

land ~t c::oD<:rete. Ref.rence '-4 ..... porta .ignificant. 

clecrea ... iA «'tlpre •• 1 ... t.ren9th after aeut.ror. fluencaa 

of 5 a 1019 A/a.l Lut attribute. the ~ecr.a •• to t.-pera

t.ure effect... If the radiat.ion le".l.t ~ thea. 9i'·en 

above. n:peri..ats ah~"'l~ be conduct4td to det.raiae the 

n ... • .. ron and 9-- .!f~.::t.. on concrete propert..' e.. An 

alteClWl~iYe i. to pruvide abieldin~ to r..ctuce radiation 

1 ... 1. t.o the abo". .~lue •• 

.,... dep..a1ti.oo of .... ez'9Y 4' .. ~ abaorp

-:J.on or cap~ure of t.he~l. X raya, ~. or: MUtron 

ladiation can cause be4lti09 ... lUng •• palling or va

plCi&at.ioa of exposed portion. of concrete atructur ••• 

ft ••• ~ are treated in Sectioa VII. 

Ord i o'"-ry concr.te vi 11 vi the ~ heatin9 

tod:lout 600·1' (316·C) without. losing auch of ita 

.~~9L~; above 600··, it rapidly lo.e~ $tren9th. 

Uehy(~.tion of ccmcrete i. noticeable at 20~·F (9l-C); 

howoiv yo, the prcx.'''!a. ia slav and is n.tArded by the 

[oraa-.. ion of dehydration prc.lucta. Above 600·1'. d.fl),

dratio.l is rapid and expo.ure to temperature. of 100~-F 

(53S-C) or &bc~. ev~ for snort periods of tiae. viII 

complet~ly dehydrate concrete vith a general l~a of 

atren;tl r.a",lting. Concr_te witt ~ high aluainua ,,~"\

tent :. heat re.iatant to auch hi9her t.eaperaturea than 

ordinary concrete. High ie~ait.y concrete doea not vit..

atand hi~'h t.-perature. a. ,,;ell aa ordinary concret.e 

(Rfi!f. 8-11). 

Structural at .. l .~ftena or .elta at 

energv deI~.ition level. lover than thoso required to 

Uj 

yapo~i •• concr.ate, and, in .oae instance_, concrete might 

be u.e..... to provide protection :.0 exposed ateel e;'e.ments. 

Although concrete'. fire-re.iatant propertlea have been 

1on9 recognized in conve.ltion.l conatruction. t.he radia

tion effects probl_ i. sOIII_lult dlfferent. WhIle a 

concrete cover »bould provide excellent prctectlon frOll1 

theraal radiation, ita effectiveneaa for t:.e other furms 

of radiation vi 11 depend on th.' cha!"acteristics of tt-.e 

rtodiaUon. 

.\lthouqh lWf. 8-11 does net de! Hoe ah,;::t 

periodl of tiJMt in re9ard to teAperature effect .. on 

..terial properties. the periods of f\xposuLe an' pt"t.ol

bly auch longer than t.hat expecte1 frOill a mlcltClr de

tonation. The above criteria ca( be r·.-~" :i.dered con

.ervative ,?uidance for prote-:tiv. I:.:)n'ttruction d~~sicn_ 

t. J REINFORCED CONCRETE 

The la.d reaistanct. of a ductile stru.:;ture is normally 

ltaited by axce •• ive defora.tion of one or more cf lt~ atruc

t.llral el_nta. Jside frOil buclrlinq. 4 reu.'f:)rced concrete 

aeaber .. y fail in one or more of three possible ~d~s. Il} ex

ce .. sive cocprea.ive atrain in the concrete. (2) exces!:llve atrain 

in t.he reinforcin9 steeL or (ll excesaive shea:.: deformatlon in 

the ..-bar. Of the three DO'iea of fallure, only yiehhng of t~e 

reinf'~cln9 ateel pos.ess.s any siqnitAcant degree of ductility_ 

Si.nce duct:!l. response ia of utJDO~t lmp:;)rtiloce l~ : .. tolect.lv\t 

construction, moat reinforced concrete V\eftlbera ar~· ploportioned 

ao thAt t.he atrf'l"gth of the aembe.: is controlled by lre reln

forcing ateel. 

Reinforced concrete IlieTllbers designed to resist t h~ '-t'ry 

hi9h presaures resulting frora nuclear weap,,;)8 freql'ently have 

.pan-to-depth ratios lIIuch .:naller than thos"" commonly U!~ .~d in 

conventional stru~tures. Ir. some ways, the behavior vf these 
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deep ~r. ·,der loa4 devi.t:.. troa thL t: obeerYed f n ~" 

of conventional dtnenaio."ls. Ther", are only liaited uta avail

able on the atrenc;u. and beh.vior of very deep reinforc:e4 caD

crete -....ber •• and the procedure. preaentH boarein are baaed on 

theae data a. ~l~ aa on studi •• of the behavior of ..-bere of 

convention.l proportion •. 

The pl-ocedurea and. equau.ona deacr1bed in the following 

paragTapha are qenerally .pplicable to c •• t-ln-pl.ce and p~

cast reinforced concret.e ..abere. Althouqh aOllt. of t.be expre.

aiona are .180 .pp2.icable to ult.iaat.e .trength of pnst.rea .. d 

concrete I1811bers. t:Mre .re Jiff.renees in allowable .tr ....... 

rel.nforce.ent r.ti ...... tc. '!'he .. diff.r.ncea are treateel 1n 

........ 1-1 and 1-12. a.cau.ae of the H.tt( 4 ue of pr •• tre •• ed 

ccncrete in hardenecl facilitie •• UU. :.Mt.erial 1. not treated 

specifically 4n this .anu.al. 

l.l.1 "1esural Loads 

".. ..ent capacity of reinforc:e4 con ret .. __ 

bera C4Ul be predictad re.aonably weU ~. ua. of oonV'Ult.loaal 

ultiaate atren<J~h axpre •• ione. When .train. in tbe reinforcing 

.teel reach the auaiQhardenin<J ret~on. predict.ion of the 

ulti .. te flexural .~.enc)th of -..ber. i • .are COIIIPlex. Por 

elt.Ulple. teat,. of deep reinforced concrete ...... r. in41cate 

that aa-e .edification. should be .. de to the u1tiaate load 

equation • .)rdinari1y uc.ed for convention.l beaa de.i9n t.o ac

count for .tr.in hardenin<J and higber ultl .. t. concreta .t.ralr.a. 

The desi9n equation. pre.ented herein con.ider only the yi.ld 

ranqe of the reinforcing ateel prior to .u&in hardening. and 

if steel percentag.s are such a. to en.u-... d~~til. r •• pon.e of 

th#. ..-ber. conaideration of ulti .. te concrete etr.in i. not 

nece •• arl' in ftIIOat inatancea. 01 ti_te ;r>Ilcrete atrain could 

be a factor in tho .. .-.ber. c~taining coapre •• ion r.intorce

.. nt. After cruahin9 of the coner.te. the co.pre •• ion .t .. l 

4tlS 

,.......,._ .. _ ' ..... ~ .... ,~"<I~i- .... ""J.~~ .. ~ _ ... "",~~_ .~ 

.. y 10 .. it •• ffectivene •• becau.e there ~8 not concrete avail

able tor boDd tran.fer or prevention of buckling. 

The produet of inelaatic etre •• distribution 00-

efficlenta aho appe.ax. to be higher for deep aeaben t.han for 

.... r. of ordinary propertiona. eon.arvatlve v.l\tOe are li8ad 

1A the equations pre..at.d herein. In t?8t C ... :1 of inter •• t. 

the ~ of conventional ultiaat. atrength deai9f' .. t.bodr will 

gl". rea~le ra.ult. for cIe.i9n of protectiveJOllstruction. 

The flexural .ade of reapen.e i. heavily depen

dent "FOIl the peraantage of tensile .t .. l eaplO)'ad. It 1n.l.Il

tielent ateel 1a li.eeI. the ate.l .. y bA incapable of reaiatin9 

~ ten.jl. force carried by the ~~erete betors cracking. ~or 

e\&Cb ~r •• the lo"\d deflection relationsbip ia char.cteri.e,,' 

by a .u~ rapid iner.,. .. in cleflect~.on when th~ concrete 

cracks. If. on the ot..Nar band, an excessively l.r? perC4mta98 

of steel 1. ~ed, the coner.te eruahe. on the coapre.eion aide 

~fore the ta:lilil •• t. .. l yield.. When th18 happen., the ""'1' 
lo.e. practically all of it. lo.d-carrying capacity and a very 
brittle failure re8ulta. To avoid e~ther of the •• ~~d •• ir&ble 

f4ilure characterl.~ic. ~i to en.u-. ductil~ respon •• , Ref. 8-7 

r~nda that reinforced concrete f~~xura~ ..-ber. with ten

.ile reinforcing only .hould be proportione~ .0 that 

p < .76100 [f~1 
- '7.00 + I r- (Englhhi 

y Y 

('-6' 
< 32 500 1'':'1 
- :0;006 + fy ~J (SI) 

vhtie 

p ten.lon c.inforeing .teel ratio - A./bd 

A. • cro ••• ectional u· ... of ten.ion ateel 

['\ width \)f aaIIbftr 
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• .':1 )cu ..... 6epth o( ~ •• U.taRa. fn. 

ezt.~ QQIIIpru.ioa fiber t.o center of 

u.ne,n •• teel 

f~ • UftC'C.Af1M4 00lIIp ....... 1". .t.renqUl of COIlcr.te, 

pd, 0: • .':al 

fy ,i.14 .t.reRgUl of ateel, pai or _/0.2 

~t.1on I-S ia .a114 for f~ ! 50yO pai (34)0 

If/caZ) aD4 deer ..... by at)out , percent for each 1000 p.i 

(610 Rlo.l
, iDc ...... in f~. & tendo" .teel raUo leu than 

0.02 .1.1: no~ll, be 1 ••• t.b&a that. calC\lla'*' '::n. I'q. 1-6. 

ftM 4Qc.! 11 t;y of a reinforced ooncre~ -..bar in 

fleJNn CAn be "U,_ted frca lu propertie.. ..ference I-t de

fiaee ductility 1A teraa of bMII curv.ture •• t. ulU. .. t.e and 

yi.ld loea. It 1. 91".,. by 

........ 
., • lI:u • ccu 

ICy ~ Y (h:] 
II:g beaa C\lrYabare at ultiaate .-ant. 

11:,. ~ curv.t~re at yield .aaL~t 

I 2 
It - t(llp) + 2np - 'lp 

Itu ~ pfylfcu (~ra with ten.ion reinforcin9 only) 

a 

IE. 

IEc 

IEslEe 

.adulua of 8.act.icity of st .. l 

~t~l~ of 21asticlty of concrete 

(1-7) 

f(..Q ... avera.,. COIIpre •• i". atre •• 1n concrete at ulU,JI&t.e 

etre!'9t.b 
t:cu - .traia ir concrete at ultiaate .trength 

Cy .. yield atrain for l'eJ.n10rcinq .teel 
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In 4e.i9O. ccu i. typically t&ken equal to 0.003 and feu a. 

O.7f~ for t~ ~ SOGO rei (3.~J R/c.21. For higher concrete 

.tranqth. 

fcu • 1500 + O.4f~ p.i 

- 1030 + 0.4t~ N/aaZ 
(8-') 

I~ aDy c .... ~ .boulJ not be t.ken qre.ter ~~an 20 for d~.i9n, 

req.rdle •• of the value calculated from Eq. 8-7. l~a19n ~~nt 

capacit.y of a rectangular ...0.1' .~lected to bending only i£ 

given by 

.p • Pfybd2~1 - O.59ptr'f~) ((Hf) 

The addition of conpre •• ion steel norm411y has 

lit:tle effect on U:e ultiaate -.nt capacity of w1dernnnforced 

..-bara (thoae ~eting criteria of Eq. 8-6). While c~;reaaion 

reintorc...nt is otten provided to incre~ •• th~ duct11ity or 

rebound resi.tanee of the ..abel', any iocreas' in flexur.l re

aist&nc. therefrOID 1s uaually neqlected in the des:"" proce ••. 

..nen it i. conaidered nece.sary or deairabit, to Uel.t COIUp1'6S

aion lreirforcetDent, aet. 8-13 recommend. the follmo'l ng expres

sion for ultiIMte lIOee'lt capacity be ue:a. 

2 r (0.59 (p - p 'If .) (' . 1 
"p • ')d t Y (p - p' I 1 - f ~ ~- L + p' 1 - £,..1 I 
wbare 

p' - co.pre.sion steel ratio • '~/bd 

A~ • cros. sectional ar.s of compr~.~lon atoel 

d' • depth fro. extreme cOllpre •• ,ion fib~r tv ... :enter 

of ~pre.aion .t,eel 

(8-10) 

Equation '-10 ••• um •• tnat both compression and t.entll\.'r rein

forci'l9 have r.ached their yield stx'enqth, Tllia cr 1 tenon ia 
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.At.shed vh~ (Ref. I-ill 

p - p' ,,~ ... O c: ! f' d'l 
- 17,000 :-r; V ,Engliah) 

• f' d'i 4)t3{,~ c ~ fQ.OOo-:-y I T;r 
Y Y I 

(51) 

~latlon 8-11 18 valid for f' ~ 5000 p.i (3450 N/eal ) .nd c " 
decreases by abOut , percent for eAch 1000 pai ("0 M/ o.2 ) 

lncr9 •• e in f~. 

(1-11) 

Tht! 1.l1U.JUte dactllity rAtio f(.t • be_ ",ith 

~reE.iOft l<lnforcing can be obtAined frca Eq. 1-7 by taking 

(Ref. 8-9) 

~u • IP - P'lf¥it~u 

Coapre.sion steel vlll 9t!nerally i~creaae the ductility of a 

~ ... but. a. in th~ CAl,l of ainl1y reiniorced be ... , the duc<

tility ratlo .hould not be taken ~r~.ter than 20. 

The ,receding expr~ •• ion. are ba.ed upon both 

the ~eTsion and coMpre~.i~~ steel having Ylelded and p > p". 

When p .. P'. t~e .trAir. in tne c~ression .~.el can be deter

mined by analysls of the sec" 10;1, i.e., 

{ (x - d"j 

..:' . ~----. -x 

li)2 (Es)(, fv)(-;'\ P£C\l(ES)(J') 
\ l + t"Pi r; t cu - ~'. d I - if.7} r:; d • 0 

(1-12) 

where i is ~he dlstance from the extleaE! compre.sion fib~r to 

t'J\e neutral a)(: 'II and (~ .1.15 t.he strain in the co.pr •• 41ion .teel. 

'!'he neutral, aX)jj ia determl.LNi by solving ~he quadr,~1c ex

Fre.clon And !~ then ~~eed wlth tt.e yield strai~, If the 

ca.prt:>sSlon s~"el hAt; yiel~e(), £-i< '-10 is vaiid. Otherwise, 

the moment C4pAClty ~ust be calcalated fro= tne .ection and 

~teelal propplt~es, 
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When the flange thickn •• a of I or T .. ct~ons 

exceed. the depth t.o the r.eutl:al axis of the eea.ber. Eq. 11-9 

CI'n M u.ed to deterain. the --.ent cap.acity. The -...bee "1dt,,, 

D, i. t:aken equal to the overa~.l flao'le "'idth. It the f 1ange 

thickn ••• ia 1 ••• than the depth to the neutral axi •• Ret. 8-7 

qiv~. the .aaent capacity a. 

"p - b'd
2

f y lpl'(1 - 2!) + (p'" - PI') (1 - O.59(p., - PF)~)l (8-13) 

.mere 

b • overal' flanqe .,idth 

b' - vidth of web of I or T .ection 

PI' • ten.ile .t •• l .... tio required to bAlance the C{)I\!

pr ••• ion fOr"e 1n U.e overhAn9_nQ portion of t..he 
flange. 

f~(b - b'~t 
.. 0.8S -rb'd 

y 

Pv • total tensile steel ratio - A.!b'U 

t • flange th~ckne~. 

The total tensile .teel rltio includes that r~quired tv bal~nce 

the coapre •• ion for~e in the over~.n9ing flangen, Pr' Plws that 

required to b4Ilance t'le ccepre •• ion force in the rectan';1ul",r 

.ection cf the beam, Pb' As fOT the n Utgular beams, l t is 

desirable to limit t.he total AJIIOuot of leinforcinq to to'lC)'H,lI:e 

that yi81din9 of the tE:nsi It~ II tee 1 occurs before cru. hi.''3 .;) E 

the concro!te. Reterenc£ 8-'7 reconnend:: that tile to .... l ~tm3ile 

ateel ratio be 11mited t? 

Pw ~ 0.7S(Pb + PF) 

The .teel ratio 9iven by Eq. 8-6 ia equal to O.7SPb' 80 

Eq. 8-14 can be l~wrjtten aa 

P'" ~ P + G.iSPF 

(8-h'l 

(8"' 15) 

1O.' •• er p i. obtained froll Eq. 8-6. Confinenlent of th:! co,,,er ... ':,, 

in th~ coapreaaion are_ of flexural members ~hnuld ~ncrea8e 
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th .. L: ductil1l:Y by sllowing cr.ater «traina to occur in the con

~te cefore crushing. Becau.e of the .>O&8ible los. of concrete 

ou·"ide the reinforc:Lng Ciae therp I114Y b.2 a .. all decrease in 

ul~taate an.ent fr~ that calculated fro. unconfined sections. 

Bowever. und~r some c")nditions strail~ hardening in the co.,fined 

S~~:Lon ~ partially or co-pletely offset this Jecrease. 

8.3.2 Ax~Jll Wads 

The f~llowinJ discuss'on is .~plic&ble to short 

col~. subjected t<, pure axial 1""ds. C.:Ji!Ibl.n0e4 bending and 

~.ial loads and long ciiuana ar~ ~vared in late~ sections. 

if slendelnes: effecta are neglected, t~e 1irnit

in9 .trength of a reinfoloea concrete aeaber under pure ~xial 

load u 'J i ve.n by 

:'1) - O. 85f~A.c + fY'~st 

where 

AC • cross soctir.mal area o! the concrebt 

Ast • total cro.s secti:nal area of the longitudinal 

reinfo::-ci,\9 steel 

(8-16) 

Th~ coefficient 0.85 in 1'1. @-16 accounts for observed diffpr

ellee. be.ween static tests of c~mpre •• ion -..bers and unconfined 

cylin~r ~re8s10n tests. In view of the rapid loading rates 

and other. uncertainties encountered ~n ~rotec~ive construction 

app:ica~ior.e •• C~!!iclent of l.~ can be assumed in ma~y in

stances ~ithcut a~gnificant decreape in accuracy. Equation 8-10 

can also be written in the form 

Po - (v.85f~ + Ptfy)Ag (8-17) 

vht.e Pt is the total steel ratio based upon the gross cross 

s~ctlon 41"64 of ~he member. Ag . 

If n.'! member is prcviddd ~ith lipiral or hoop .. ~

inforcing. 'he a11~~able s~reS8 deterain d from Eqs. 8- 3 throJgh 

8-5 is s~.tituteO fer 0.85 f~ in the above equations. At atrGln 

levels .sseeiated with tt.l higher stress capacity of th~ confined 
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concrete, the concrete outside the spiral or hoop reinforcing 

mat no longer be capable of resisting loads, dnd capacity shou~d 

be bl'sed on t;he area of the concrete withir. the spiral 01' hoop. 

The strength of rei nforced concrete s ~ruct, .1,a_'. 

element~ under p-.:.re axial loads is normally 11),lited by ct"ue'1ing 

of the concrete. Since concrete fails at. re:Litive2y small cum

presl<-i'/e strai:ui, compression t:llemer.ts will uSl.'ally have very 

low duc\;ilities. The addition of spirals, hoot>s <'" other for:tls 

of lateral steel reinforcing not obly incre;ises the load res is

ta lce ot the element but can also increase ul t~rndte con<;l'ete 

~~rains and ductility ratios by a factor of 5 or mure. 

8.3.3 Combined Flexural and Axial L~~~ 

A member subjected to combine~ bending and axial 

loads encompassps both beam and column beh~"ior, and ~he degree 

to which either behavior predominates depends uran the relative 

magni tudes of the two loadings and tlle scctLmal properties of 

Lhe meiUber. The entire range of limiting cumDinations of moment 

and axial load may be summarized in an interdction diagI-am such 

4S shown in Fig. 8-13. In this figure, Po is the ultilaatt.: axlal 

load capacity of the member when carrying no moment (ea. 8-17), 

and Mp is the ultimate ~one~t capacity when no axial forces are 

present (Eq. 8-9 or 8-10) M and p. as USed in the diagram, are 

the values or .tlOment • .u • ..i thrust computbi for a given loading 

condition_ Any poi.-.;; on the curvp. abc repres<'nU; 0. combi:1ation 

of M and P, which, according to tl.e llltimate strength theory, 

will just fail \;he member. OV(,I t:he rangE.> a-b, the memher will 

fail by c.:ushing of the concrete. Point h rt>J..-i"t'sents the 1;al

ance point where limiting stra_; in the concrpte occurs si'TIul

tane~uEly with yield stress in the tension sleel. In the ran"e 

b-c, failure is initiated by yielding ot the tension E·_P~l. 

Any load comt.ination which falls within the area buund_,d by the 

interaction =urve and the coord1nate axeF is considerEd a safe 

load. Those falling outsidp. this area are assumed to cause 

failure of th~ member. It is evident from Fig. 8-13 :hat the 
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~'r ••• n~ of a ... 11 axial 10.4 can .ubatantially iftCrea.e the 
It'lDent capacl.ty 0: an und .. ~reinforced 1hlIIber. 

In :on.tracting ~ 4ia~r ... ~ a. abown in ~ig. 

I-l:l, vall: •• of .0 And ~:" can be ootained walll(j Sq •• 1-17 and 
,-- (or a-HI). re.pect!vely. For ay&'llaetrically r.inforced 

rectangUlar ..... r.t the axial 10.d at the balance point ie 

9 i ven by (ltef. • - °IJ 

P • f'bdf '26900 J 1ba b c &7.00 - f I 4 

l 'J • 

• f Il>J i --i1~!OO lit 
c [60.000 +"'; 

(8-18) 

rqu~tion 8-18 i •• a1i4 for f~ ! SOOO p.i (14S0 ./ga2, ~ 4e
Cl.d~es by &bOUt 6 percent for .ach 1000 pai (EtO M/ea") 1n

creue- ;~. f~. 'l'be -.nt at the balance point b 9i~ by 
{Ret. 

~. Pb~ (8-19) 

where 

~ • (0.20 + 3.Qlptfylf~)t (fro. plaatic centroid) (8-20~ 

t • thic:tu« s. of -..ber ir. th. direction of bending 

Pt - total .teel r~tio for ~r, A.t/Ag 
!'be van.atlon c.f P with M can be a.!ou.ecl to be linear over the 

r.nge a-b without signifi( ant «.rot. OVer the r~nge b-<" the 

axial lOi!d capacity W'u.ier cc.bltKd &:ial 100J and bending. Pu' 
for a rectan~ular. ~trlcally reinforced INIIIbeJ: i. given to;, 

(Ret. !-13) 

'e r e 2 I d' E'II 
pu· ().85f~b<111 - d - p + Vel - al + 2?/(a - 1)(1 - Cl)+ ai 

w"'ere 

e -

'" ,. 

(B-2!) 

eccentricity of the axial l~d. with respect to the 
centroid of the ~en.ion relnforc ... n~ calculated by 
conventionai .. thod. o~ fraae analrai. 

f/O.85f~ 
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\'be oorre.pon41ng ..ant ill t:ba range b-c ~::" 

II ••• t 
\' 

,'l"W ,,~~ ~,-... ':'t" ""'lq;~ ."-:i"io. "1\.."", )1 •. ~;~1 ,J!: 

(8-22) 

where .1 i. the eccentricity ira. th~ pla.tic :entroid of cbe 

.ection calculated by c:onventional aethod. of tr&me analysi •• 

A linear variation of P with M could be taken a. a quick approx
~tion over the range b-c and i. c:on.ervativ~ for de.i~, pur
po.~L. Inte~action curve. f~r typical reinforced c:oncret-. member. 

are pre.ented later (Fi9. '-20). 

Reference 8-7 'live. the .following approxt.Gte 
(quationa for .piral rei~forced circular a.mbere. Th. eccen

tricity .... ure4 frca the plastic centroid for t~e balanced ca.e 
~. 'liven by 

eb • (0.24 + O.46ptfylf~)D (8-23) 

whete Pt i. the ratio of the total cro ••• ection area of 1~n9i
tl'd1nal reinforcin9 to the: gro •• croe •• eetion area ot the IUJII

ber and ~ ie the outeide diameter cf the concrete .ection. The 

eccentricity given by Sq. 1-23 1. vith r~.pect to the plastic 

centroid of the cro ••• ection. Whe."l tt.e eccentricity of the 

10&4 i. greater than that 'liven by Iq_ 8-23, tensile stresee. 

in the steel govern the .tren~th of the Nember and the axia' 
load i. given by (Ref. 8-13) 

•• 0 .Sf ' D2 [,/(~ - 0 3C)2 + ~ - (~ - 0 38)1 (8-24) u • c .. D • ~ • ;,D D • 

where d i. t.he 4i .. ~ter of the circl~ through center. of 10n9i
tudinal reinforcing arranged in a circular patt~rn. 

The rea4er i. reminded that the p~ecedlng expree

.ion., along with practi~11y all material from Ref •• 8-12 and 

1-13, are oriente4 toward ~~. That is, a.aumed stress ~iock. 
and etrain. are -el(cted with tho objective of providir~ eafe, 
rational structur.s. Consequently. u •• of \,;hi. mat.rial directly 

will ~tve aisleading re.ults in an attempted failure analyei., 

wharein ons auat return to basic princirles and make a •• ·lmption. 

O&.e,· on fallore rather than .urvival. 
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'!'be allowable load Oft a ~ .. aiOD --.ber 1a 

aleo a fun.:tion of ita al.eNlerneaa ratio <i.tiMet by 

It t. 
a .-L 

- r (1-25) 

where 

L - the unaupported l.nqt.h of the ..-.ber 

to •• an effect.!, .. 1 .. ::;t.h factor 

r • the radius of lfTatlon of the ....m.z cr ••• ection 

!'be uuaupported len9th of a ~r .a deft"" .. the clear 'U.
ta ,ctt between f 100= a lilt.. , be .. -, 9i~n or other .tructural 
seabnr. e.~l~ of rro~idiftg lateral .uppoct.. affective length 

factor. are 9 •• n 1n Fit. 8-14 for ~riou. type. of end re

atraints. Re ~r n~ 1-12 recoaaend. that the radlua of gyration 
for reinforced ~ncr.te oo.pr ••• iOft -..ber. vi~ rectanqular 
cro •• aeetlona ~. taken equal t, 0.10 tt.e. the overall d~n

~'~tl '" tl.- clirection in wtticb t.,18 .tability., 18 bei~ consloereJ. 
l,r lr~lar cre ... ections. it ia ~ken equal to 0 2~ tu.ea 
the ~i ... ter. For ca.pr~.aion -..bera braced _,_inat wid.sway, 

the effect of alenderne .... y be neg1.ecte<i vile" (kef. '-12) 

where 

". < )4 - 12 "l'I'JlZ .. ('-26) 

"1 • .-.ller value of end ~t actin, OD -..ber; ai9ft 
1. po~itive l' -.r.ber i. bent in .iD9le curvature. 

"2 • l'x;~r value of end .a.ent actin, Oft -..bar; .19n 
•• elw&y. poait.lve. 

For ...oar. DOt braoed .9ain~~ aide8way and a. le •• ~n 22. the 
effect. of elenderne •• can 0. neglected; for a. greater than ~e 
&iJOV, value., t..:..e applied ... nt -.uat be ~ified to account for 

t"lp reduced .trenqt.h cf the ..aber. !'be .:Miified ac:aent h given 

b)' Ol.::. l-l2} 

... - F "2 !'-21) 

U5 

...... __ ........... ..," _~"'P";~"'" ~_$Z C,.~!¥·$W!,~iIo:".il't~~~'::~'·:'~"'''''~~~/I!'IjtIt-:P-·~'~'->'''· "~,, 

m 

e .. ) (b) ee) Cd) Ce) (f) 
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.... , 
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/ , I I 
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, , 
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,,~ ~r w, I~~ ~Iir J~' 
t 
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':LOOI Ifhen 14414111 0.65 c80 1.20 3.0 
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F"l~ur~' 8-14 'Effective Length "actoea tor Varioul &ad 
Conditions 
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where 

C. 
P • r-:-TT lu! not 1 __ than 1." 

\l C 
(8-28) 

,.2. 1 
p. c ,;:: 

c ~ 
• 

(8-29) 

ti:.e lI04ull.,. of el ... ticity of the concrete (Ec) 

J.a obtained troll Bq. i-.r. l'be ... nt of inerUa of the concrete 

(1,,) can be t.kea equal to the ... rage of that for the cracked 

aDd \ancracltea tranat"rae4 cross sections. For rectar.qu:ar sec

tion •• it i. aprroxi ... ted by raaf. 8-14) 

~3 
1c • ~'5.Sp + 0.081) (8-30) 

~ -..ber. braced against ftideeway and witbo~t lat,r.l loads 

applied to the ~r betlfeell supports, C. 1e 9iwm by (Ref. 8-Ul 

~ft - 0 •• + O.4{M1/M2) but DOt 1 ••• tbaa 0.' (8-31) 

Por all other 0 ••••• C. - 1. O. 

-'':'It! the prelMftoe of ... 11 uial le ~4s c..n in

creaae the ........ lt capacity of a reinforC4ld eota:rete ae:llber. aJ"\y 

uial load .1ec~. it. ductility ilo teTW41 (If ultiIMte eurva

t~re. The ductility genel'lly deereas.a with incre&siD9 axial 

load, and a~ axial 1<..')4d. oorre.po.,,\.1ing to the balance p:>int:. for 

unc~f~ ned .ections, it .... , be a. low as 1 t:o l. Confineeen· of 

tn. concrete by spit .ls or hoop reinforcene ~ increa.es tne mea
ber'. da~tillty. but the .... general decrease with axial lead 

i. indi~ated. Since th~ shell of concrete out.ide the =pira~ or 

1.0I'lp r.inf .... rcinq is .. ~.id.re<' ineff~"Cti ... ill ttoli strain reqions 

at whlCh this lateral relnfo~nt ~eco.es .ffective, ~lt~~st. 

ft»i£nt ca.pacity for a given axial load is re<luced in -:oeparison 

with Al· unconfined ,;ect m. The reduction can be significant 
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at 106.:. near the balance point. Reference 8-9 obt.-sins a gener

ali ... 4 relationflhip between section properties, a;';l,l jed axial 

load .u;.j ductility for rectangular meabers ir. wh ~ch the yield 

strength of the longitudinal reinforcement is 40,000 psi 

(27,600 N/ca2 ). It assumes that, for a srecified axial loa;, 

th<I curvature at a sectior developei at first yi€'lding of the 

longitudinal reinforceMent can be equated to the curvature de

veloped when the confined concrete reaches a probabl~ limit 

.tr~in of 0.01. It applies to nemhers with closely spaced hoops 

and lon~itudinal reinfol.ce..ant concentrated principally in two 

opposite faces. The relationship iF ~~m~rized in Fig. 8-15. 

In this figure 

P • axiAl load on the 1MlJI\ber 

q-

a 

A- f
ah .Yh 

&h"~fT 
c 

- p1tch of tranwvers. reinforcement 

A;" · aret of cro:.a • .-etion of hoop reinforcement 

h- - lonler dimension of re~tan9ular concrete area 

enclosed by a particulcu: hoop 

fyh - yield atrength of hocp reinforcement 

All other terwa are as previou~ly defined. The ductility ratio 

in te{1ll8 of curvature at ultimate and yield load~ngs is obtained 

by enterin9 the fi9ure with the .ppLopriat~ value of q and pro

ceeding horizo~tQ\ly to the p'/p value tor the section. From 

thia intersection pn:'-.:~ed vertically to tne P/f~bd value and 

then horizontally to the ~p.)J·opriate (l+4.1q")b"/b Clirve. The 

Ku/Ky value is read as the abs~i6sa of this last intersection. 

Tha p~oedure 1a demonatrated by th~ b~ken line ~lth arrows 

1n Pig. 8-15. 
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8.3.4 Shear 

Shear failure. are generally brittle in nature 

with littl~ advance warninq of distress in the mefWer. In order 

~o AS.'lre ductile behavior of r~inforced con;;.:ete _mbers, it is 

n .... ~ •• 4ry thAt the ultiaate atren~h of the r.l€mber in sliear be 

C)reater than ita ult.iaate flexural suenqth. There are two 

.od •• of .hear !"ailur., 5ture I'Ihec&r And diaqollal tension. The 

pure ahear BOde of failure i. Characterized by the rapid propa

C)ation of " nearly vertical crack thro;qh t~e depth of the mem

ber in the region of' the support. It..i ,ima1 4lUOunt of horizon

tal reinf.3rceaent .. nhibits the formation and propagation J~ sncn 

cracks. It. fev pure shear failun: 5 ha,'e been Observed in JaeJIhe ... 8 

with low .pan-to-depth ratios, but only at ccncrete strengths 

le •• than 3000 psi (2070 N/ca2) and .1igh reinforcinq steel ra

tio. (p "> 0.02). Pure shear failures are irQpr·obable in lIleuWers 

properly proportion~d for protective construction applications. 

The diagonal tension failu1e mode ia chararter-

1a.d by dia~onal cracks which propagate throuqh the member from 

a point near the tensile ateel towa~d tt.e compression face. 

When the crack hAS penetrated to the .~int w~ere the remaining 

compression zone of the concrete is insufficl.ent to sustain the 

bending stre.,sea, the concrete crushef. ant. the n.emr.er fails. In 

order to avoid " diagonal tension failure, t,.<'! shearing force, 

V, on a cross sf>ction of tn~ _mber must be less than a IJliting 

value which ie a funccion of the total load system <-cting on 

th .eaber and the physical char~~teristi~. of the ~~mber, i.e., 

du~nsion., concrete strenC)th, reinforcing. etc. 

a. CQnventional Me~r6 

The ulti~ate shear capacity ot reinforced 

concrete members can be considered to i !)c-luJe t1ol'O COIII

ponenta, tha~ contributed by the concl~te aLcne and that 

contributed. by shear reinforcing. The critical section 

for shear in JDembers of conventional proporti.-ms (L/d>5) 
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ia a •• umed to occur .~ • diatance equal to t~ affective 
dept".h of the -..bel". d, frOil the fac. of U. .uppor~. 

The ultt .. te abear cap.ci~F i. d.fined in ~.~ of the 
averAge .hear .. tre •• on '\ croaa Netio.; of the ~. 

Por rectaftCJ\llar -.bera of COL ..... tiOlUll 
proportiG."l., ltd. 1-12 91,... ~ ulU .. te ahear c.pacity 
oontributa4 by tha c~ret ... 

Vue • W( (l.,t"~ + 2S00pdV'/M') J Ib 
(1-32) 

• WU1.>8''l! + 1720pdV'!JII',J H 

1fbare 

y' - ahe.~ .t the criticLl .~ction in pound. or 
MettO:'. 

M' ....... t a::: t.be critic.l aec:tioa in inch pounds 01' 

cent~ter n~s 

Lia'ta on Bq. 8-n are a. follOVl': 

V'JC _ 
b(f stAll nDt ~1(Nte4 3.5/f~ psi (2.t":; K/ca2) 

.,oJ 
Y' NT d shall not e taken 9reat.r than 1.0 in 4eter-

lI'inift9 Vue 

Reference 8-'5 report •• co.parison bet4ean .hear capa
city p~ic .~ by Eq 8-32 and reeults of 4~' te.t. of 
be ... "'1 thoui .. b reinforcinq/ 'rhe r.tios o~ te.t to 

calculated .trenq~. varied f~ ~.65 to l.tl with an 

average va1ua of 1.18. Only a very ... 11 n~r of case~ 
fell below 1.0. FrOll the .. c:::oIIP&rlSOr.s, it was concluded 
that Eq. l-j2 r.pre.ent •• c ... ~abl. l~ bo~ to the 
toa.t .!~t. an4 i. ade'JUat ~ for d.s;'9n purpo.... 'rhe aaxl.' 

2 a _ all~&bl~ shear .tress of 1.5~~ pai (2.t~ MIca » 
... 1.0 a~''''....-:rs r •• ...,I'Ia)'\l. for d.ai'in. although 't doe. not 
r.pre .. ..lnt .a lover boun..-i ~.) the ,'ata. 
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If an axial co.pr ••• i .. load i •• pp~i.d 

to the ..aba_o t~. abear c.pacity of the concrete in-
cr ..... and i_ .till 91 .. n by Iq. 1-32 •• xc.pt that H

.u.t be aubatituted for II' and the r.tio V'd/M" can bav. 
value. 1n exce •• of 1.0. ..- 18 given .,y 

.. - - H' - M{4b-d)/1 

viler. 

(8-33) 

• • aa.';.al load 1n pound a or n ... ':.on;. (poei ti 'Ie for 

c~ra •• iOb load., negative for t.n8ile load 1) 

~tiona 1-32 than beCOlW 

r nIT 2.1 000 ~V'd] 
Vue .. be! _l.tne + IM'-Nt. ::a) lb 

_ W[l 581fT + 1~1760~'d] .. • c -N(ln~r 

(8-34) 

.. ference 8-12 .t.te~ that Vuc/bd c.lcul.ted frou Eq. 

1-34 cannot exceed 

3.5Il~ it + O.ooli.7bh pai 

l.t~ 11 + O.002Hfbh M/ea2 

If the ..-ber i,. ,ubjecte.1 to • tensile axial load, tba 

reduced shear cav.city is 9iven by 

Vuc • 2bd(1 + 0.002M/bh)~ Ib 
(8-3~) 

• 1.66bd.1 + 0.002N/bb)~ N 

where H is ~ativ. for ~ansl1e load •• 

, •• t data reported in Ref. 8-15 indicate 
th.t Bq •• 8-34 and '-35 repr.s.nt a r.asonable ~vwer 
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bcMIaI for detli9ll pu.rpo~ wU.s a~lI9. raUo. of actual. 

~ predict.ec3 .trenqU of 1 • .29 few cc:.pr ... 1oe .Qd 1. 57 

f~ tan. toe !0,,4.. 'J'bIt wtal "arlat ... oaa 1." actual to 

pred.~ct" .~r c-.pac:1ti •• were I.tt to 1.'1 for th. 

oo.pree.ion t •• t. and •• 01 to 2.14 ill the t .... ioe t.at •• 

The ratio. tor the teA2ioe t.et. repreaent the ratio of 

actaal to predicted axlal loW! at. faU\&r. witt. a oon

et&nt. laterally applIed. load. 

!'be lidded ahaar capac::1t.r COGuUNt.ed by 

abear (web) -einforciD9 i.e g1". by 

wheE. 

A f 
Vu •• 4 ¥ 

• apaciDg of .. rtical -.b re1llfon:1.Dg 

(8-16' 

A.., • tota \ croa. .ectlOD u· .... of wb relDfoc\.ini 

uV'&'t" 4i.t.anoe • 

.. "be ..nieal 1fSb reiaforc1Dq ratio 1. 4eU1M4 at Ole 

ratio of the area of tbe .. rt1ea1 web reinfor~ift9 to 

thd 9r?e. borboat.al area~ be. Squ4tioca 1-36 ... ~. 

Uw web reinforci.J9 1a placed peC'peAIS1C\llar to the 

lonqitudiAal aaia ot tbe -.oar. 101 WliD9 1Iq. 1-36. 

ltat. I-IZ .u9'l •• •·• t-Jaat "ua' bd abotl14 not axcee4 8,~ 
pat (6.14~ _/ea2). "... total ~ c~ity is then 

gi.'NIl br 

Vu Vue .,. Vue ('-17) 

•• fer~'8 '-15 co.p~ teat reault. to atre.4tha pre

dicted by L~. '-~7 but. applied ~ lta1ting "alue of 

.~~ p.i ( •. c.~ a/ea2 ) t.o Eg. '-~7 rather thaD Sq. 1-3'. 

Only about. 5 porcp~t of the t •• t beAaa exhibited .trenqtha 

1 ••• than that pr4dicted by aq. '-37, therefor., it can be 

.:""tQaidered a suitA1:". lowe. bound for de.19" P'U~.E... A 
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l1aitiag value of the web r.inforcing contribution to 

ahear .trenfJt.h i. not reported. in ltef. 8-15. Only total 

abear capac1 ty . ..,.. deterained, ond tI.ere 1& no appar~t 

co.patiaon between .1ailu· be ... d.th and without ,,",b 

reinforcl.ng_ The ratios 01 actual to predicted s~ear 

capacity varied from 0.836 to 2.S0.rhe average ratio 

was 1.445, apd 1 ••• than 10 percent of the beAM. te.ted 

exceeded the precUc::t.ed .trength by IDOre than 100 percent. 

On t.he ba.is 0'" the •• te.t. and the guidanc:e pro'::i.<ied 

in Ref. '-12. it i. recommended that ~~< .near .~re8S 

calculated fraa Sq. 8-3; not !:;..ceed 11. 5/r~ psi 

('.55~ H/cm2 ) for d~.i9n purpo.... Th4s limit corre.

pond. to loU;' ti_. 8~ or. t~l4l aum of the lUAXimum 

allowable valu •• of Eqa. 8-32 and 8-3~. \n additional 

provia1cn i. that the indivi~l~l li~ita or Eqa. 8-32 and 

1-16 ahould not be exc.eded. llefet-ence 8-12 alao place. 

r •• trictions on the p~.cement and Allowable stresses in 

web r~inforcing And .hould be consulted for detAiled d4-

.ign qaid~nc.. Only on. concrete con~ribution tc total 

Sh.ar CApacity ia used in Eq. 8-37. It i~ obtained from 

6q. 8-32. 8-34 or 8-35 as apprrpriate. 

The 1i.&1ti'ig '."~ _ue of ahear stre •• given 

Above i. ba~ on te.t. ~t beam. without axial .jrce. 

a.ference 8-15 pre.ented no data on beams with web re

in~orcing and subjected to bending. ahear And Axial 

load.. In the absence of other guidance 1 t is 8'19gested 

that the aaxilllUla Allowable !ihcar stress for members lIub

jected to .uch loada be taken aa tt-e .um of the limits 

for Eg •• 8-34 or 8-~5 and 8-30. 

Since mo.t teat be~ exceeded the ulti

.ate shear c~pacitie. preoicted by Eq •. d-32 through 8-37. 

higher capacities are appropriate for Analysis. .1t should 

a1ao be noted th"t the ultimate strength of members de

.igned accordioq to the pn:!ceeding sheAr criten a wi 11 
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nonaally b£ \iai~~ by flexural atrenqth. On the baai. 

of test r.sua,» report.ed in Ref. /-'-15, ala iller .... of 

50 perc,.n~ of the ahfi.r c.paci~' lndic.tK by Eq. 1-12 

or ~-34 repre •• nta a Traaonabl. ~r aaoWICl to the shear 

eapar'lt.y of ~rli wh hout veb r.inforcin,. AD incr ..... 

of 2eo perc.nt. of the capacity indic.ted by Eq. 1-37 re

present 5 a r .. ~l. upper bo\&NI to u.. abear capacity 

of aeMbers witb web rwinforcin,. ~he L.at r.ault. r.

porte.J. :1..1 "f. 1-13 do not au9gest an upper bound to the 

ai,~&r c.: ,r1oIlC~t .. of lM':abers subject:::d to axial teaaloo 

la.da. 

b. beep M9t8bers 

Por aeeu ...... 1'. (Lid ~ 5) with l0&4s 

.~l1.ed to the top surface of t .. coapr ••• ion r'e9ion, 

the shear c 'pacity contributed by the concrete i. 

9reat~r tl"an .. ut pced-cted by Eq. 8-32. Refereoce 

8-12 reca.mends use of 

Vue • bd(3.5 - 2.SI't';V'd) (l.9~ + 1500pdV'/N') lb 

- bd{3.5 - 2.SM'/V'4) (1.5.''6 + l:lOpdV°/K') .. 

'nth the provisions that 

1.0 • 0.5 - 2.5M'/V t ell < 2.5 

and 

V /bd < flIT psi (S...rr ./ea2 } 
uc - c c 

(I-lil 

~he critical sdCtion for shear in d .. p 

De~'rs is as.u~~ to occu!" at • d~.~ance of O.l5L froa 

the s~pport for ~n,fcIaly la.ded members. and 0.5 ti .. s 

the (i 1 b~.,)nce bet .. -een is concentratea load &rod the .upport 

fr! ,-.;,,,v;entrated 10.ad!'. but. not over _ eli.tanee d for 

ej~hvr case. Equation 1-38 repres.nt~ a conservative 

1(J'\o:(>c bound to test results pre •• nted in '.f. 8-U and 

is sUltable for O€Slgn p~rpo.e •. 
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As in the c ... of oonventiO'DAl meJllbers. 

web reinforcing contribut.s additional libear capacity. 

Refere~ 8-16 re<.~ncs. an orthc,;!onal .ystera of reir.' 

forcing •• the .ost eff.ctive in r.sisti~~ .hear £ail

ur •• in deep .. mbeu,. In .Ilch • syst .. , 10nqit ... :.Hnal 

veb reinforcin'l i. distrib'.1ted uniforaly over the depth 

\If the 8e11ber. The ~ear c~pacit)' contribUt.ed by tbis 

.f.~~ i. 'liven by 

I 
Av ( L ) A\'H ( I ) 1 

Vus - fy4 ffi 1 + I + rra;; 11 - i i (8-39) 

vhere 

~8 - total cross •• ~tion area of 1r>ngitud;;,nal 

vel> reinforcin'l over 4ist.ncf: sa 

s8 vertical spaciRCj of l0ll9itudi-r.a1 ""b 

rei~!~ .. cl.n'l 

The total shear capacity of th~ d~~p heDber ~~ then 

given by Eq. 8-37 as for conve.·.ti,<.Ull members- LlJUits 

on Eq. 8-37 for deep IMDlber6 are ':il.ven in Rel'. 8-1;: as 

Vu/bd _ 8~ p.':.i 
for L/"'l ' 2 

< 6. 641fT ti/ca2 
- c 

ancl 

Vu/bd ~ 0.67(10 T L/d)/l~ psi 
'::01' 2 < Lid < 5 

~ 0.55(10 + L/4)~ N/cm
2 

Since there are no experime.ntal data upon whick. an eval

uation of Eq. 8-39 can be baaed, it ia necessary tv base 

ita eva1uat10n on total .h~ar capacity. Referenc~' 8-16 

COPparea test result a witb sbear capacity predicted by 

equations aiailar to Eq. 8-38, 8-39 and 8-37. Refc:ence 
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8-16 a\lllgeata ., coefficient of 1. 33 (f~r ""Hora loads) 

fo.: t.be M' ;0/'0. una in Eq. 8-31 and 11aita total shear 

atre.a to 8.~ pai (6.64;r; N/ea2) for all -..bera with 

1../0. < 5. {RefereDee 1-12 vo1,ld penl1.t a aaxiaua total 

- , 2 
.bear stresa of lQ~ psi ( •• 3~ _,a. ) f~r be ... with 

an L/d of 5.) NQDe of the t 'at beaIu whieb fail>td in 

&bear exhib4ted • abe&r capacity l .. s tbaD predicted. 

Even if &d)ua·~nt. are .. de to account for the dif:er

ence in l:uo.iU, b.;:tlftten Ret. 1-12 and 8-16, Eqa. 8-38, 

'-39 and 8-:1 ~~ to give a r.a.onAb1e lower bound 

to observed reault •• Reference 8-12 containe additional 

guidance on ~int.ua &an4nte arlO. place.ent ~f ve~ r.in

forci.~ fco: ciOtOr 'leaber •• 

~a in the ca.e of conventional -..Dera, 

oc.erved lhear capacitj~~ ~xceeded predicted cAp4~it!e. 

in ~~t iustancea, &Ad h::.gher value. ~ appropril ,. 

for target an.lysia. Or. !m. baaia of tba limited dat. 

repor::ed 1n Ref. 1-16. 11.0 increa .. of SO percent over 

the ahear ~a~ci~y predicted by £~. 8-38 ia eU1Qeated 

a. an upper bound for .. abera without ~ r.inforcing. 

An increase of 100 percent over that predicted by Eqa. 

8-37, 11-':8 &.,0. 8-:9 ).. s>l9qeated aa • re.eoD&ble u.-.per 

bound for It~ra "'l.~. web reinfGt~inq. 

lUt:houqh the effect ofaxi.l load. on 

tne .he~l capa~1ty of deep ~rs ~ •• not been studied 

aa 6xt." ".!ly .a for tho •• of eonV&ntional proportions, 

it ia a ( .... that .iPlilar .,ffecta vuuld be ubllt"rved. 

For d-.p ___ era wbjected tc ,uti.1 1 • ..0., h. ia reCOll-

aended that the •• lue of M' in ~~. 8-11 be replaced by 

M" c.lculated froe Bq. 8-33. The laita iatpoaed on 

concr"te shear ("~citl' atill .P91y. 
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8.l.S ~ 

All JnO(;;ea ot failure previous 1 Y ",I..cussed are 

closely coupled to and are, in f4Ct, inseparable from a bond 

.ade of failure. Thi. NOde of failure is generally p.evented 

if the reinforcement i. IIoell anchored by bond developmeo': length. 

hooka, or mechanical anchorage. ~ f a bond fall ure is not pl:e

ventad, the bars will not serve their !.mctlvn in other modes 

of behavior consiiered. Tt.e tension or comFft'ssion force:; in 

the reinforcement at each section lIIust be developed on each 

aide of that aection by an adequate embedmen t length or IiInd 

anchorage or a combinatio~ of the two. If no mechanical end 

anchorage is pro'\'ided, the tension or cOf'lpre!;;sion forcea in the 

rein~cr.;:in~ IIIUSt be loesisted by ahea _-type iond strestiea. dia

tributed over the contact area between the bars and tne concrete. 

If bars without deformations are used, H,e resistance consiats 

only of adhesion and mechanic;.l friction b"tween the bar Clnd 

the concrete. With adequate ruecha:lical end anchorage, the full 

atrength of the oars lllay be developed, ever. though the shearing 

atresaea over the co~ltact area between the b,ns and the concrete 

CAuse bond failure. Wit;l deformed bars, the projecting ribs 

bear againat the aur:tOl.mding concrete and pro\!" de greatly ~n

creased bond stren9L,I. When a bond fai~ur? occurs with defurmed 

ba,s, it gene~ally results in splitting of the concrete along 

the bars due to • ",edging action of the b~r defonr.ation. Refer

ence 8-7 atates tt,at the u:timate resisting b-'md force, i.n force 

per unit length of bar, is largely independe'1t, of bar size or 

ptu:J.lQCter. Since the force in the brr C"USlng bond f,lilul"e in

creasea with its area, bond is a more SE;~lOLIS problem with the 

largpr bars. The critical sections for dev.:lopment of relO

forcement in flexural members are general:y at points of maXl-

1IIUJ11 IIlOlIIcnt nradient. T:'\ble 6-1 from Ref. 6- .. 2 provides guidance 

•• to the required development lengths, Ld , of deformed bats in 

tension. 
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'rable '-1 

DU'OIINED IWt BOND DEVKLOPIUDI'f LACft ("f. 1-!2) 

~! 
~lbh II i 

(in) (ca) I 

t 11 or SINner O.OCAfyln:;. but O.OI~Afyl~' but I 

I 1 'lOt. 1 ••• than not Ie •• than 

! ".0004D'y O.OO05.Dfy 

fl4 I o.OU'ylH[ 0.260fyl"! 

UI O.llfyln; .0.317fy'~ 
~ 

~ • creea aection area ot individual bar 

o • di ... ter of bar 

If the reinfo~t 1. placed boriaontallr 

: 

~n tlM top of a Dellllbar wl t.h ~. thaa 1'- inc:be. (30 ca) of con
cr~te ~low .t. the values obtained frca ~able 1-1 are .ulti
plled by 1.4. For reinforc~nt who .. f 1. greater ~~ 60,000 

2 Y 
p3i (41.370 Mica I. tho value. obtained froa ~able '-1 are .,,1-

~lplledby the factor 2-S0,OOO/fy (or 2-~1,l10/fy)' ~ d.vel
op3en_ lenqth for bar. An ooapre •• ion is 9i ... by 

Ln • O. 02flD//~ in 
(I-U) 

- O.014f¥D/~~ ~ : 
but no· 1 ••• than O.OOOlfyD ~r , 1nctaa (o.OOO •• fyD ~r 10.J cal. 

AoJdi tlcnal C1"~daDce on devtltlop.lebt of bond .trengt!l i. contained 

In ket. '-l~. 
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•• • 8ftUC'l'UaAL IftEL 

'I'ba _.i~ l or analy.t. of .truct.ural ateel ..aber. i. 
CJeMr¥liyba.ed U;»OG 1nel •• Uc bebavior of the ..... :er. For 

.t.el, L~. dealgn pr0ce4ure 1. r.f.rred to .. pla~tic doaign. 
Pia5tic d •• lgD Dot only .ak.. ua. of the pIa. tic theory of 
bending (,l.etic .-..nt co~ition) but aleo the red:),lttri!:Jution 

of .... nt due to the fU:r1l'''Ition of pla.tic hingea (the aechani .. 
condltion) • 

In deaigninq OJ: analydng the ability of .teel JM1Ibel.. to 
re.i.l. bl.=t effecta, .any ~f the coneepta and equAtion. de

"101-.4 for the plaetic ~ly.i. of ateel etructurea under 
atatic loade are uaed. Therefore, an undereta.ndin9 of the con
ditione and oquationa governing .tatie behavior ia eaaential. 

A nu.ber of refer4llnce. (euch .. Ref •• 8-17 and 8-18) c~ntain 

di.cue.iona of pludc analy.i .• and d •• 19n of .t: .... l .tructur~. 

for .t.tic load. and .hould be r.ferred ~ ror det~iled ~idanc •• 

Only general procedure. can be treat~" ~erain. The expre.aion. 
pr •• entad are augge.ted for bo~ deaiqn and analyaia. 

1 .•• 1 ~'ual Lo.ad~ 

If a 8teel ~r ia .ubjected to pure bending. 

ita ultt.Mte aoaent capacity i. given by 

~\ '"' fyl (8-41) 

where I 1. the plastic a.ction .adulus of the .. mber. Th. pla.
tic .ection aodulu. 1. equal to the .tatic IIOment of the cros. 
.. etLon aNa of the ..-her ~ut th... centroid.l axis. 

aet.rance 8-1' 1nc·ude. pIa. tic .ection modulus 
tabl£s for oo-.on structural ateel aection •• and Fiq. Ii 16 91"e. 
gen.ral expre •• ion. lor the plaeti~ •• ction modulus of .e~e~Al 
coaaon .tructural .hape.. Equation 8-41 a •• waea thAt the lDuaber 

1~ properly .upported and proportioned so a. to allow develop
.. nt of a pl.stie hing_ at the critical .action. If the member 

660 

"l)if~ 

( 

..... ~ 



~" 

t", 

M 
ftj} 

®l' 
~" 

r. 
__ I or ~]. 

tf 

,.{jJ 
t 

p 

/J 
t f 

I .... a,. 

I •• ',,. 

. -~~: -., 
, • 4t.(t . tf)· ~f( •• t f ) • t.t; 

I • ... _ ., .. fl ..... 01" c~l 

& ........ ,_ fl .... 01" clloa_l 

Pl9Ura '-1. P1a.ti~ ~t1Oft ~uli tor Co..on Structural ShApe. 

661 

1. ~lproparly .upport.d oc proportioned, buckling aay occur 

before "the fully plaatic --.nt can be developed. To ensure 

the ability of •• teal ..-ber to auatain fully plastic hinge 
~rr.ation, it ia nece.sary Lat the aellber be properly braced 

to prevent lateral bucklin~ and ~t the elements of the member 
... t alntaua tbickne •• requirements. All elements of aembers 

that "t be aubjected to compre~eion should have width-to-thick
ne.a ratio. tbat aeat the requir~nta of Table 8-2 from Ref. 
1-11. ~abl. 8-2 91ve. aaxtau. width-thickness ratios for flanges 
of rolled, wiclG-f .. angtl shapel and aiailar built-up •• iuglt!-wer 

.~pe. tb.at are aubjected to coapr~ss~on involving hinge rotation 

und&r u'ttaate load1D9. 

Table 8-2 

MXDIUM THICDESS RATIOS FOR STEEL MEM8El\S (Ref. 8-18) 

f
1

, kai fy,klf/ca 
2 bOt f d-/t", 

36 24 •• 8.5 43 

4l 29.0 ',0 40 

45 31.0 7.4 38 
I 

SO 34.5 7.0 36 

I 55 37.9 6.6 1'" 

60 41.4 6.3 33 

J 65 U.8 6.0 32 

b • width of f1ange: t • th:ckne •• of LlI:lng"1 (if 
thic~n.aa of flanye vaEi •• , use av "rage ~hic~.e8Bl; 
~ • depth of web; \, - thicknesa of velJ. 
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:i.~.2 Axial r..o.d. 

Refer.nce 8-18 .pecifies tha~ tha .lenderne •• 

rM.io ft. - It..Llr, in the pl ... 'le of bendir.g of COIIti,re •• ion .....

bes wt.;"d, ",-,uId develop a plaatie hinge .~ "ltiaate loa4ift9 

.ho"l.J not e);~~eed the va lue Cc qiven by 

c .. 
c: 

[2-.,.2-

vt; (8-42) 

.t • .".:. all t .. nu are a. pn.vl.cu·dy defined. COIIPre •• io;, ~r. 

In structures which .u~t r~~~8~ blaat load1n9. \la"ally vill have 

alendernesa ratioa ... "'ler than Cc' For tt.o ...... r • .eetinq 

trfO c:"itena vf Eq. '-4", the .axi_ strength of an &lIially 

leaded -.mber ia given by 

P ... 'f u a 
(8-43) 

where 

A • ~ro.. erc.. sectl.on area of the ..-ber 

fa R axial atres. pe~tteJ in aL&ence of bonding ~t 

Tho allowable stre ••• fa' i. ba.ed on the .lenderne.s ratio in 

l.l'\e dit'C'''t.l':>!lS of ita stronq and ..... Ak axes. Referenee 8-17 

8U>QqeSt.& t. 'If' use of the following for wlde flange columns. 

.here 

f • f .ax y 

f (f - f ) Rl 
p Y P • 

lf1E -

(f - f lit If 11/2 y p a..£ 
EI f • f 

ay y 

f • allowable stresa when 8eJIber ia reatraine.i fro. ax 

fay 

bel'ldin9 in _a.1e directi.:m 

allowable str~ss when ~~r is ~ot re.trained 

~n ~ weak dlrection 
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«(1-44) 

'" """~ __ ....... ~ ____ .~ ,,',:;>;'~1''''''1:.j'<,\,.., "'\'~~:>':~~~~ 

fp .. :y - fr 

fr • r •• idual .tre.ae. due to cooling of section 

According to Ref. 8-11, wide flange shapea used aa colUL,s ~an 

be expected to have reaidual coaapreasive .tressea as high ".a 

ll,OaO psi (8960 N/ca2). In coaputing the allowable atre •• 

for dynaaic loads, it i. aU9gested that residual st1·ea.ea not 

be. incleaa"d in proportion to \.he dynamic incre ... e in }leld 

.t.ren~h. tiince lIOat. ~re.aion aember. are braced in the 

~ direction to avoid reduct1on~ in load capacity. the firat 

of Eqa. 8-44 will nor~lly deteraine fa' Il ia the baslS of 

expression. for axial load .::apacl.ty in Ref. '-18. 

8.4.3 Combined Flexural and Axial Load. 

Reference 8-18 .pecifi~. that_ members subjected 

to coSbined axial load and bending .oaent .hould be proportioned 

~ aa to satisfy Eq •• 8-45 and (-46. 

wh .. n:e 

p p. 
\1 

Cm" 

1 _ ~ IRsl~ ! 1.0 
It A - It s 'II' n 

~+ M P ~ ~ 1.0 for M < M 
Y P P 

M - .. xi~ applied moment 

P - applied axill load 

(8-45) 

{8-46} 

"n - Ili.xiJnwa JDOment c",sistancf'l of the member in abaence 

of axial lo.ld: can be taken equal to )tp for members 

braced in weak direction 

Py .. fyA 
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Ybe •• endern ••• ratio R. is calculated for the direction of 

bend.ln9. The eo&ff id ent ' ... 18 .. a previ(;Wlly defined in 

1Iq. 1-31. If the lllelaber 18 ~t braced in the weak direction, 

"n i. given by (Ret. 8-181 

" - (1.07 - L;r-/3160r 1M in-lb. n y y p 
(8,,47) 

• (1.07 - L";/2624ry)"p ca-w 

where ~! La tJle Ie,..er radiWi of 9Y1-atjon and fy ia in kai or 

tN/ca2 • ·igure 1-17 i. an interaction diagr .. for .teel .am

ber.. Note t.nat any significant a.>unt of axial load re<!UCft. 

~~ .aaent capacity ot the aection. ~e ~rosa hatched area shows 

:he ext.ent of "ariatiOi. for roll"j shape. likely to be used in 

the plaat;c design of continuc.:ls be ... ,>nd rigid fraa;;.. Refer

en~ 8-19 .tates that differences in the value. of H/M
p 

f')r any 

value of PIPy reflect difference. in the proportioD of the t~ta1 

cross ltectiOt,al area loc'"'t.ed in the web o~ the ..amber. The 

thicker the web. other dimenaions reaaining the ..... the le.a 

the reduction in plastic bending reaistance eau~ed by a given 

axial load. For .ember~ prevented froa ~I,;.ckling, the -.olllent 

ca~C.lty i •• ati.factor.l" given by (Ref. a-17) 

M .. M 
P 

M r l.llll - P/Py)~ 

o !: PlPy ~ 0.15 
(8-40) 

0.15 ~ PlPy ~ 1.0 

.and the: re-.:;tlired plastic se.:-. 'ton Jll(;dul:u. ia &ppro~i ... tely given 

by (Ref _ 8-17) 

I • I t \v.65 + PIPy) (8-49) 

where the load ratio Ptrv and It are ba.ed on the initial trial 

•• ction neglecting the Axial lOad. Equation 8-48 ia ShOW'l in 

rig. 8-17 as dotted straight linea. 
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~c v&h ... given in Pi'll. 1-14 an alao applicable 

\.0 at .. l ""'1'.. J1Yxu.,. allow&b'.~ deptll-to-thickne •• rati~ 

an .~ in table 1-2 for -.bel'. subjected to pla.t~c bending 

for case. Where the axial loa4 applied to tb~ ..-bel' exc~ds 

O.27fy" (A i. the CrollS .ection ar .. of the .ii8llber'. Ff"r axial 

load. 1 ••• Lhan O.27fyA. 

~ .12 I (P ~ (EnGliah) 
IMJt tw • ;r; 1 - 1.« f y 

(8-50) 

~ I' -, .• (~~ (5I) 

wtuue fl' 1.. 9'~ 1n kd or kIt/ca
2

• 

1.4.~ ~~ 

$he.r ia of ir.tere.t in steel -..beraprt..rily 

becauae vf its ~.\~:. influence on the plastic ~~t capacity 

of the ~lI!ober. At l.!ud or continuous supportli, where co..~ined 

bendinq an4 shear e'ltut. the a •• Ulllption of an ide .. l elastic-
plastl~ .tr~.s-strain rela~ionship indicatea ~at during the 

proqre.Slve fo~tion of & pl~~ic hi~ge there ia a &brinkag. 

ef ~~~ ~b ar~a a.ailable for shea. This reduOP~ area .~ght 

t.hen r::-sult 1n ~hc inlt.l.ation of shear 1_ldi.19 and thereby re

due .. t.h_ .:;.ment capaclty. However, since IfF a.ction. c.." f 
aoa.nt pr.do.l~antlv through the flan~e. and ah.ar ~~XOU9h the 
"I'eb, and since coabinatl. .oa of h1CJn st.ear • " nigh aaaent gener

ally oc:c: It at 1X_:lt. ""here th. ~"lt gnt4i ..... t is ateep, 1t haa 

~n tound experi .. ~~.llv that the .. ~r will ach1.eve ita f~Jl 

pillstH' lIICeent. Cc.,.>&Clty if the averaq~ shear str.:;;s. over the 

t~ll web .r~a 1. lesa than the yield atress in shear (wef, 8-20). 

) .... rC'1l ae.-. 8-18. ti.e shear capacl. ty of I-shaped 

at.el .ectio.~. with u.u.t1!fened v..,os is given by 

v .. 0.55 f t h 
u Y w 

(&-51) 

U7 

where 

Vu ultt.Ate ahaar capacity 

t., • web th tckn ••• 

b • to\'ill dapth of ...abel' 

When the web of • bu.lt-up •• ction 18 d •• igned 

to carry a significant part of tho total a?lMltt requir~r t of 

the aection. the ahear influence cannot be neglected and the ... -

bel' should be inve.tigated for po.aible .a.ent capacity 10 •• 

through ahear yield. Reference 1-21 r~nda that the IIlOaIent 

capa~ity of auch a .ection he define1 by 

II • btf(d", + tf)fy + O.25twd! Vf~ -3V;--- (8-52) 

where 

b flange w~dth 

t f • flange thickness 

<\, • depth of \o'eb - b - 2t f 

v • average web sbear .tre •• 

farenee 8-17 .tates that in .,st instance. the thecret:.ical re

duction in .all'Ant capacity of I-shaped structural aectio ... i. 

partially or oomplete~y offset by strain hardening effect.. It 

also sU9ge.t. tne U3e of Eq. 8-51 ior 4.sign. 

'.5 ONE-WAY C;LABS AND BEAMS 

5.5.1 A~lnforced Concrete 

~e aoaent capacity of a reinforced ccnc~~te beam 

or one-way slab can j8 obtai~ed from Eqa. 8-4 , 8-10 or 8-13. 

OVer the ~~~e If reca.Dend.a ateel percentages and obtainable 

concrete strengths, Eq. 8-~ can be approxiaated ~lth little 

enol' by 

M - O.9pf bd2 
P 1 

(8-53) 
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'ftr.U8 the flexur.l rea18t.anC"O of • a1llpl)' .upported r~ctangul.r 

beam ~f w1dth b and left9th L in terae of unlforaly di.tribut.d 

lo.d. Pt; 1. 

(b}/d)2 
Pf - 7.2p f y i \L (8-54) 

wber •• 1. t"he widt.b ..)f the ar •• over which the l..»\l. Po.. 1. 
aWli,-J. Fur a one..",ay .lab •• i. equal to b. 

'!'he E .. ~C.paCiti •• of rectangular b .... and 
one-way .laba with co.pre.aion r.inforce.ent and ~-bea .. ar. 
given by aq8. 8-10 and 1-13. 

!f ~r ••• io~ r.inforcing 1. ~eg1.cted, ~ 

unifora load corr •• r on41ng to the u1tt.ate fl.~r.l ~apaclt)' of 

continuoua ..-her. with equal .nd .a..nt capaclti.o i. giv.n by 

Pf • * (~ + X:) - 7.2\Pc +P.)fy(~~)Z (8-55) 

wher. 

Pc and p. tenail •• ~l ratio. at the center and end. 

"; .n4 ": - fully pl •• tic aa.ent c.paciti •• at the c.nter 
.nd .. nd. 

(Equation 1-55 i. A"plicable only to und.r~.lnforced ~era.) 

Equation. awlicable tc oth.r auppcrt and lo.d 
cor~itioaa can be derived by eqUOolting the appropriolte expr .... -

.1..m for ..-ent c.pacity to the expre.a::'on for .. xaua 8IOIIDent 

in ,the ..-bar. Fiqure 1-18 present. expre •• ions for rever.l 
of .i:Jle 80re ~n load and .uppo~t condi tiona • 

~.e expl ••• iona for flexural capacity of inde
ter:t1JW!'CAO IIrSbers ass~ t1 It fonaatir;" of pla~tic hinges .t the 
aupf.-Oru and .i.1!:;:..n. For other 1080 end support condittons, a 

.t~uct~r.~ analyai. ahould ~ perfor.e4 to obtain the .ignificant 
~~ts and th~a. aa.ent. equated to the flexural c.paciti •• 

given by the appropriate equat~on in paragr.ph '.3.1. 
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Flqure d-ll also include •• pproa~te ~r •• -

slor.s f::>r the sheu capacity of a t;":")Il or one.."ay slab. TI\e •• 

expressions are appro~~te aince they u~ h.ee4 upon abear 

at the support raU.cr than At the cri tica'. pol:1ta referred 

t) ir paragrAFh 8.3.4. T~e ult~~t •• I~: re.istance, vu' 

h deterRIined ~rOll f'qs. 8-32 .... d ~-36 for conventional ~aaa 

and Eqs. 8-38 an4 8-39 f.'}r deep ~n. 

I; Lle be3JJ or s.&b ia sutjected to an axial 

load, Eqa. 8-34 or 8-35 can be uaed to ottain the section 

shear capacity. The effect o( axial loa(1 on ~t cap4a

c1 ty ':If the beaa or slat> can be deterwin<~d in accordance 

with t.he proced\.o.res of Faraqlaphs 8.l.1 1114 1.6.1. 

in order to ~ssure ductil. reaponse ot the 

..eaber, the tersion re inforcin9 steel n tio abouid be 

li~lt.ed ·0 the canqe or 0.u025 to 0.02 ~her~ver possible. 

TLe r~t·" Rhould be'\t least 0.002~ for any flexural .-

ber. When ~reSSlon ceinforcin9 is provided, the 41f

fer-ence h.-~twe.an the coapre.sion and t!m:tion steel ratios 

ahou;d ~ot ~xceed 0.015. 

Some ver~ical .eb reinfcrcing should also be 

prov1ded for all flexural ...oers. A mini.ua reinfor~-

ment ratio of 0.00":.5 h sU9Qested for ell! LId ratios. A 

ainimum hvritontal shnar reinforcemer.t ratio of 0.0025 should 

be dl.stributed throl,lqho-lt the depth of be ... with LId ratios 

less t.h~n ~= eq~l to 5. I~ those cases ~~re analysis indi

C,'ltes a :'equirement for vertical Shel!l reinforcih9, a ainul.l\8 

re~nforc\nq r~tiQ of 0.005 should be \~ed. 
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Pique. 1-19 9i~.s expr .. sions for the fJexU1al 

cftp.city of ateel be ... for reveral support and load cond"ti?n •. 

W1-th UI.e excep~.lvn of the propped cant! lever subJected to a uni

fora load. the expressions for indetenainate membe~ ... • ssua. th. 

fo~tion of plastic hihges at tl.e fixed ends and center of the 

spans. In the case of n,e propped ..-:antilever aUl:.'je<:ted to a 

uniforw load, the plastic hinges fo~ at thu fixed end .rd a 

point 0.4l4L fro. the propped end. Ale -hewn in F1q. 8-i9 are 

be&a capaCities based \.o.pon the shear ca~~ity glven by ~q. 8-51 

Since superposition doea not ~old 10 pla.t.ic anwlysls, tlae ex

pre.sions 01. F1q. 8-19 cannot be combined to ob~atn result.s for 

other loading condi tiona. For other load1.19 ar.d sl..Ipport c ... '\di

tiona the critic.} 1II0000Eor.ts and shears can be <,bt.al. .. ed !rC"U thtl 

awl ... ed l':)dds thr(":'lgh a structural analysis. T')ese quA :titi.,. 

car. then be compared to the woaent and shear capa,!ties of the 

Laabet as given by Eqa. 8-41 ani 8-51. The plastic section 

lIIOdulua ia obtained from tb' apprepriatl:! t.xpreaslon in Fig. 8-16. 

'.6 COHPJU:Sf ':'N MEKBU.5 

8.6.1 Reinforced Concx'ete 

The etrength ot a 'oluan. ring section or any 

othe~ type of c~lfIPreasion _!ler a:.lbjected to p...:-re aXl-al load 

can La obtain~d fr~~ E~a. 8-it or 8-17; however, lt 1S q~es

ti"lllable pr.::ctice to df'sign 4ny cOI'II;·ression mell\ber for z",ro 

aa.ent. ConatrJctlon ,naccuracies and/or al'ght 10~j eccentric

itie. will likely caus~ unintem:ior.al moments. It is recoftlllltmded, 

therefore. that all InE:'abers subject. to axial l)ad be designed ~n 

accordanctl with Se,:ticr: 10. 3.~, ACI Code 318-71 (Ref. 8-12). 

Thia section requl::-es that a .in\mum lead eccentncity of at 

l.ast 1 in (2.54 1"') (Ir 0.050 be assumed for splral celumna and 

O.lOt for tied co)~:i in these cases wnere no moment exists . 

672 

"-- ' 



-~ 

• 

r ....... ~ .. 
I'l_'l ... l ~ity 

~r Cap.c1t, 

t 

Z~'*1. f • 
p~ .... 'l-7 ~- ~.-.. 

1. ~~- .. -
~ f • 

Pf • 4.0 + 
.r&.af f • II-,. . 12.0-7 .. I. .. 

L .. ,. , f. 

~ Pf • ~.v + 

~a"i' ' . P,. • 16 ~ ) ..... ,..!~I L 

t;-Y f Z 

P f
•• + .... 

----

.. a vidth of It.rltr.ltL ry 1<.'ec11o<; uea 
l ~ p148tic se<:L.0n MOdul",. 
t~ - ste-el lJ.f!ld st."~S· 
v 

u 
.",e 

p 

t.otAl. ah.,..r resist4nce of s ... .:t.or· (t:q. b-Sl J iul! y pl.ast:lc ~nt at "'~ .·r SPdn 

p •• lV .. 

• L 

P - ~ 
• II 

lV 1M-
p •• _1i • ......2 

• L Ll 

1M. 
p. • 1\' 

u --t 

lV", 
p. ~ --· (.. 

'. -lY 
'" 

~f un~tot'll lo4J re:Ust4l\c,,: vt Illdl,lJer 04 .... .0 0n f lex"r.-1 " .• 1 ... · 1') p .c uni fOl1ll lo.:)d r~81 std.. ~t: ot .1.Iert:.tK:c ba.SlPd <.)'1 ~he ... r- "":':;1: ,t( 1 t '!' 

S 

r", c()nCent14tt..~ tOdd lCS:..stclllC€' (..;~ cn<CtnLer bd~~1 000 tl~)(.IJ,'·..J) f ... ~~r.ll': I's - c,-,,,centrdteJ !oa;.! rcsi.~t.1ncf' of l!IlCl'lllJ<'r b"<l ... i ~h ....... :- ,-~!.j j t Y 

Figure 8-19 Stati:: f'lexural df\U ShC3r C:lp,lcity of Stc(,l fi(>.}ms 

671 

... ,~_ ....... _-:"_." '~"1"*'<'I.>\",:-;.y;~~,~~«~.~~.:.:~.;~.~*-\:,~'~Y'..;.'" ",."'.'1, 

The procedure praaented in paragraph 8.3.3 f..:.! coc.ililned flexucal and axiAl l,:>ada can then bE' used to ddlign or analyze the member. Tf the member iJ subjected tc:.. shearin} f·:;r·:es. /-hey must be provided for in accordance vi th procedures au t llIWd in P4 ragr <lFh 8.3.4. 

"s noted in par.sgraph& a. 2. 2b and 8.3.2. t".e use of apirals (. r ties in rf"inforced cuncrete ,:umpress ion members increases ~ae allOlolable stresses and du("tiiity of the memb<:!r. These increas'8 acE' derived. frOlll lateral conrir.emcllt of the c''::·ncrete And lateral support of the longltudll,<:ll reinforcement p;-,;vided by spirals or ties. When requu'ed, Rt> E. 8-1.2 recommends Ulat spiral t'einforcem"nt be at ieast: Q.]7') U', (O.QS3 ctn) in diaJllet~r for CAst in placp- constcu~tlon. The c1.~ar sf-act!)g between ::;pirah Should not l:;~ g:.:!ater than 3.0 ia (7.62 C1Q) no· le •• Ulan 1.0 in (2.54 em). Tne ratio of splral reInforcIng should be ~ot Ie sa than 

where 
f

A I f' p - 0.45 ~ - 1 f-
• c y 

Aq - gro~5 cross scction~l area of memt~r 
,,~ ,., are" ot core of spIrally ct!lnforcf.j concr~'te member mea!>ured to outside di'\lllet~r of spiral 'y .. yield strergth of slJ~ral 111.5: t.{; r 1a1. th::n tv,OO\) plfii ~41, 370 N/<::m2) 

p ... Vf/lle 
v. ,. vol urne :)1 aplrlll reinfo(cemcr.t 

hq~ :-.ot nV.Jre 

Vc - "otal volume of core mf!asured out··tv-out or S, .. 'lfd: Where re<luired, hoop reinforcing for tied me;nl.,,'ra shc:'<.lrl b(' dt least .1 (0.952 em di'met~r) bars for .10 (3.L3 ~m dLdmet~r) or smaller longU:udinal rel.nfOrCl n.:j and at least • .) (1.': - em ':ldn'etar) bars tor l.lrger size longitudlndl reinforclllg. Tt].e SpdC!nq 
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of tie. should DOt ex~d 16 longitudLWl1 bar dl ... ter., 4' tie 

b-~ d~a.eter. or t~A l* •• t dt.ension o{ the ..-ber. 

'leplottec.. interaction cUa9r ... for axi~1 and 

bendinq l~ds are & valuaLl. ~l 1n the analy.i. of reL',or0e4 

concrete IMIl'Ibera and can 9r .. tly reduce .:M ..aunt ot cxaputa

tion. Figure '-20 ia .. 8£r1.s of such d1&gr ... for oaaaonly 

encountered reinforced concrete section.. SUailar d1agr ... for 

other aectiona can be found in .,. t texta Oft reinforced c·)''lcr.~e. 

8.6.2 !.t!.!l 
'!'he pro~ures for design and &n&lys18 of .tnlc

t,-r&l steel 001\: .. ". are si~ilar to thoae for re1nfor.:e<1 concrete. 

In contrast to reinforced concrete Jllelllber., any ..aunt of JllClllent 

apr Led tc- a steel lMlIILbcr viII reduce ita ca~'4City .a • coaprea

sion ~,,','1ber. Equltio"a in paragraph 8.4.2 define the ultiJaate 

,ompre. i". l04d capac· ty of .n axially loaded at ... l 8I!iaber. 

EquaU0ns of paragraph 8.4.1 auat be s.tisfied for aaeaber. 5..tb

jected "0 cQlb',ined hending and COIIpresaive loacb. The prov,ulion. 

of paraqraph &.4.4 ·l;~.t be .atisfied for ..abers aub"ecte<! to 

ahearlng forces. 

8. 7 TWO-WAY SLABS AND PLATES 

8.7.1 Reinforced Concrete 

a. Flexural aesiFta'lce 

Test~ have verified th&t the ultimate 

capacity of reinforced concrete slaba can be prciicted 

vith contiden=e by t~e Yield Line Theory (R~C. &-22). 

Furthermore. accvr{.~n9 to Ref. 8-22 the reault. 4re 

alw4Y~ on the con.ervative aide for dea19n purpoaea. 

i.e., the calculated ultt.4te load being 10 to 90 per

cent of the actual ultimate load. It 1a thought that 

675 

I' 

.4 

tJ 

10 

~~If 01 

0' 

04 

02 

00 
0 

ro ~ 

P e' 
u 

~t It <: 

:--=]----: 

:-~. 
LL:~=-P~. 

,~ '. 
Gi=:M, r~+~j 

:\140 C4~ 

• .o) Rect .. n<jul .. c SectIons wlth 3ynlletrlc41 K~ln~O(,"':«''''.«!I)t, J.'t u C.SO 

F1<jure 6-20 InterAction Curve. for Reinforced C(lpcr"!te Sect.ions 

67t. 

\"",," 



,-,' 

1
* Q 

::I'" 
II. lZ 

p ",' 
r' _u_ 

bI. 2f~ 

(b) Rectangular $eCU0H6 "1 t.h Syaaetl'l cal Roil',i on .,..,.,ol. d/t ~ 0 .S~ 

Fiyul'C 8-20 (cont.) lnt~raction C'rveh f0r R~inforr~d Concrete 
Se~tiQns 

677 

.e 
I - .~ ~~, . _.-:; 

;r-=----1. 
lL -.-!~I'i". 
i :.I. I I Jtov e-, 

,.-,~--+;+ .... : ~ 

, t: ~ +!mot'! i 

~ 14=;~~~." · A+wl:1. 

ll~~~li~~ 

to 

;,1;. ~ 
<.. ,~ oa 

04 

"'J ,',," ~ 

t!~;~:::.;~ 
,~ .. " .'1.*~ .. , 

01 

000. 

,.}~~tfjl 
~Hii tUU:Qj' t;;1w Ha1'" WkC .,.,;C' ! 4"C'1 " #.' v-?: 1.'..:.:.\.;.,;.1'1:; •• 

o.z~ 0.30 0" 0.40 0.4' 

~. ~ 

PL 
If' 

, .. :~ kt-"ctdf\.~ul~~ ,''';', tl~)fl.;:, .l·!t ~~t..t: ' h. ~ t, ! "r ~ if'" 

fi'lurc ,,-~C ''::'''nt.) I~tcr ... c\ .on Curves tur 1I.'t"t",r('~·u .. :on,'rt'tt 
:;vrt jc,n~: 

bl~ 



,_.,."..... ._,'....--"~., • .• --. .... ~,."_,.,....,.,,., .... ~t":,~ • .,.<.~"" . ..,......~,~'4;'~~ .... <."'..:.!!'~ .. ~~~'~"~..,.,.~~"!>'> """" .... ~.,..'<Y~.-/I< •• ~ ..... 

t r 

~L-- ~. 
~. ~'" r;- ;l • I ..... 1 

04' 
P <!' 

-~ 
t..t' 

~(t' ',J,' ;.~:"d· t."~ ",,'.'1 -~ll·frt . .Jl 'PJ~'·Jr, ... "'t"rjr, ;i/I I). ,f) 

l'l')iJr" '1-2(; (cvr.t" 10\ ,,!<'lcr Ion Curves it r R<:.inlorced Concrett' Sec': 10ns 

67'J 

0:\0 

this reault. irQC~ ~tr&ln hardening 0' the reintorc ... nt t.o<Jether with aoablane Action of the alab whe., th. aub experiencea relAtively urqe denec:t"·r.~ MUlC failure. 
The Yiflld Line Theory 18 well covered in the literAt' -e. &.9., Ref •• 8-22. S 1~ ano 8-7.'. For the 9enerA~ CA.e of A ~t.n9vl&r t~~WAY alab. con tinQOUa over All f .... ur aU;»pOru ,riC!. !I-I.:.) And sW:lject·td to A unifora load, Ref. 8-l3 iive .. the following (f->-preaaioi. for U. requhed ultUn.te I'ICaent, ..:ap.ilr.H:y at the center. 

wtMtre 

f ,----- 2 ~'12 wa 2L2 I'.lYl~\ OV l1 o')t.:. M - Jl + Y '-J -.-ac: ~t c:, Y~4 Y14 
(8-56J 

)l.c • ultiaate JIOII-ent capacity r..e-:- , .. i t "'.dth of 
.l.b At the ·~ter of .r,~ in tlu~ di.tection 
~f the .tort lpan 

Q • ~.tio of the "Mrt ap&n to th" 1<..' g span 
Yc - ratio 04 ultia.lte ~nt capacity 1n long 

.pan direction to that IT- ~ort span dir~c
tion a~ center of slab 

Y1Z • I1+il .. ~ 
1]4 If+Ti + II""+T4 
i

l
, i2 - ratios of ultiaate moment ca?Acltl~s at 

aupports 1 .nd 2 to that at center of 
lonq sf4n 

1), 14 - ratio~ of ultimate moment capacities at 
supp0rt~ 3 and 4 to that at center ct 
short .. pan 

w - uni{ ... ·rm load applied to slab 
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rj.u~~ '-21 Yield Line. for a ~_ner.1 Aectaft9c1ar Slab 

ASII • $""1' Ar_ • w" II. - hI 

AL • ~ed ..... 1' ArM • i (L _ 1\,2 

r.gure .-~: Two-Way &1.~ S~ar Node of Failure 
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If it i~ as.umed th~t the ~.ent capacltles are equal 

at both support. of each span, Eq. 8-56 can be TEar

ran9~ to 9ive ultiMate load ~apacity in torms of the 

.cment ca?&citiea at the .Uf.~rtti anQ mid-span. ThUS, 

21/M +to! ) rJ---2-(;j.f~c +MLe) i ~~~ ~\e.1-2 \ 8-; 71 
P ·- M+M,. ac 6e )+.J. --- - '''1\: ",- +'1 J 

f .! l . BC se sc Sf" 

where 

Mae'" ultimate moment capacity per unit 1O:;.:Hh of 

slab at the supports of and j~ the directl~n 

of the short span 

"I.e - ultimate moment c(lp<"city per unit wl;1t,h of 

slab at tlle center of and in the dir~ctlon 

of tl.e long t'lpa .... 

"I.e • ultimate ao::ner-t cap.!tcity pEr uni~ wi dtn of 

slab at the support. of and in the dlrectlon 

of the long span 

Th~ ulti .. te ~nt cap.citie. at the cri~ical Jectlons 

can be obtai~eQ from Eq. 8-9 or 8-53 using appropriate 

oropertiea of the alab. E~u.tionb 8-56 and 8-57 can 

also be applied to 81mply suppo~ted slab. by ~ettln9 

mome~t ca~city at the edges equaL to x~rc. 

for rectanguLar ~labs of reasondble =[l~

tive dimension. and sleel percent3-,;c!t. the cr 1 ~) ca' ','ield 

lin., pattern clln be assUIIlC!!d t", be sytm'.etl '.cLl1. l. - intt?~· 

sects the corners at 45 degroo<!s. area " ~.Ials ';:'--2' .: and 

area B equals al:~a D in Fig. 8-21. The res~st,"ncc elo'

pre.lied as a uniformly distriol.t.ea IVild. corre,,;;)·.),ld· T' 

to this yialo line pattern can be obtained by ,-'cr,s l.jC. 

ir.9 the 1'!quilibJ:"ium of aegments A and R. Sinet' the trl4t' 

yield lines depend on slab propertl~s. agr~eroert betw'!en 
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the r •• i.stiU\C4tS obuii .. ,: foe the tv<> se,..nta would be 
a fortuitous caa.. R~fe~c~ 1-2 .u99~.ta uainr an 
aV~6ge value -.eighted Ort t.:lt! bAa1a of tM acea. of the 
t~ ~nt8. The r •• ulting re.1a~oe 1. giv.n by 

t (
:'pIe + Pl~' 2 - CI 'I (d)2 Pf - IO.8(P •• + pec)a. ,p •• -+ p.~ + r=-ra fy L. ('-58) 

"'nere 
Fae - average tan.ile steel ratio at the edge apan-

ning in abort direction 

p.c ~ average tan¥jl. steel ratio at the canter 
spanning in ~Qrt direction 

Ple • averege tenaile .teal ratio at the edge .pan-
ning in long directi~~ 

PIc • average tensile .~ .. l ratio a~ the ~ter 
spann.! ng in lonq direction 

Reaulta Obtained f~ Sq. 8-58 .. y. in .~ instancea. 
0vere~tiaAte the reaiat~n~. of tha a~ab, but generally 
not. in a.oW'lta sufficit;ll" to warrant 6ftalysis by a aoce 
refined application of the Yield L~ne Th~y 1n prelia
jnaryanalyses (Refa. &-22 and R-24). ~ge panela. how
Ewer. or other cue. ",h·re Ul\.~trica.i support eondi
tior~ exist, should ~ ;hecked for adequacy. 

For the case of a circular slab subje~ted 
to a unifcra load and continuou.ly .upported at it. edges. 
~. fle4ural re.ista~ce is g:ven by (Raf. 8-23) 

where 

,.. e) 
6 IMP + Mp 

Pf ..: R2 

"; - uLtiute ... nt capacity per W11t width "It 
slat- at center of slab 
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(8-5') 

..; ., ultiA&te a~t capacity p41r unit width of 
slab at edge of al.@ 

• • rAdius of t.hta slab 

Equation '-5' can alao be def1ned in teOUI 0' the rein
forcing steel ratios at the center ... ;'<1 edge" ot t.ll'l slab 
(Ref. 8-2). 

where 

Pf • 5.4 fy(~)2 lPC + Pel {t-60} 

Pc - averaga tension ateal ratio at center ot Idab 

Pe • average tension steel r'tio at edge ot slab 

~i •• ce the yield line patterns for two-",ay 
slab. are sini lar ... r ailliple or continuous aupporta, Eq". 
I-56 througb v-60 a:e alao ,pplic4ble to aiaply aupported 
slabs. Por t.~e.e ca.e., the aoJMn~ capacity at the sup
port. ts siaply ~4t equal to aero. Referanee. 8-23 ana 
8-2' treat other support condi~iona in .OD~ de~il. 

Under aOi8e conditiona the rei"for~d .;~
cret. slab IMY be subjected to both ub! and l.'tecal 
components of load. Por exaapl., ,;.he ,.,~lla of it shallow 
buried atr~cture .~jected to ground .hock loading will 
tra!".aait • 1.'=fni f icant a .. dal compre ..• i ve ccaponen ta c! load 
to it. roof slab. Thes. 104d. can significantly in~rease 
the flexural reaistanee of the roof alab. A siailar con
diti?n arise. in the cas~ ~l roof loads tranSQitted to 
aide ",aIls. Yhe .ffwet of such axial loads on slab re~ia
tence can be eatimated by application of the principles 
described In paragraphs 8.3.3 and 1.6.1. Careful C0n~l~
eration, boweve" aust be given to whether the po.si~le 
ti .. -phaaing ot the axial and flexural load coapoLents 
will be .or. likely to produce Lenefi=ial or harmful re-
8ulta. 
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b. IMar "datu£! 

Shear f.il .... ~..a two...,,,, aleba with ~a.n

aion. eDCOW'ltered in non.al coaatruction are unlikely due 

to the lA.rge put-ter are •• ".iubie to reaiat the ahoLu-

ift9 !orce.. Bxceptiona .re ~~e c~ ... where conoeQtr.t~ 

lo..da are applied to t.h2 alab thcouqh colwana or other 

.i .. Ua~ .tructur.ll ..-ber.. In ao.. lnatanca3, it 1IIl" be 

aecesa.ry to provide additional r.infor~nt .t COlUEn-to

"lab cocneetion. to prevent ah--.r faUu... In aaae pro

t.ecU?e coMtruction applleatiora, two....,.,. .leb. carry 

loada of very hi9h intena!t~. and the p>aaibility ~f ~r 
f.ilnre !.ncr ....... 

Reterencea 1-25 throuqh 1-2' ~u.aariae ~ 

H1iea o( teau of 4 .. p aq\UIre Ufo...,ay alaba and conclude 

tbat. sbear ia t.be 90verr:.i~ .ucIe of f.ilure. Aa In the 

.:.ae o! be..- and one-OM,. slAbe, there are d-'..ftere<lcea in 
tM ("bear bohavlor 'If conwmUonal and deep (LId ~ 6J 

two....,.y alab.. In either t)pe a.Lab. the .he.r re.iatanoe 

c.n be expresae4 a. 

where 

p. - C" ~ Aaar'Ax. U-61) 

P
a 

- ahear re.i.tance of .lab (expre •• ed u unifora 

10&4) 

"sa - &rea reai.tir.1I ahear (Fig. 8-22' 

1-1. loaded area producir"_~ .hear '(Fi9. 1-22' 

~ ·.n .-pirieal conatant 

!be ab8ar .ad. of tailure w.a typically found ~ be a 

circular cone-ahaped .ection aa indicated in ~ig. 8-22 

bein9 f<::lrce4 out froa the center of the "lab. 

..tar~CJ '-12 .uqqa.t. tha~ the critlc41 
• .etian for shear occw:a Cot a diat.zlce ot 4/2 f rOIl! th~ 

reaction and Cv - 4.0 (Cv ' 3.l2 in SI). It ia tec~

.anded that thea. criteria be applied to ~vo-way .lab~ 

of convantional (Lid:> 6) proportl.on.. F;.·'r square alaba, 

Sq. 8-61 beco ... 

d 
~. • Un; L-CI 

d 
- 1l.18.~ L"-=d 

pai 

"/cm-

.-bare L ia the clear span ot the al b. 

(8-62) 

Exper 1Jnental dat:.a indic ltC t.ha '; dtitip .labs 

ran .uatai~ higher .hear atre.ses ~ , Allowed by Eq. 8-62. 

Refer.nce 8-27 r.co . .-nda 

p. - l2.~ AsH/Ax. "'.1 
(8-63) 

- 9.96~ ASf. I~ N/atI 2 

a. a lower bound to deep .lab t.est rfl;.ults. For it deep 

aqu.re alab. Eq. 8 ·63 becolKa 

h 
p. • .. ~ L'"="1\ 

• 39.85/"TT h 
·c r-:-h 

psi 

(8-64) 

~/("1112 

vbere h i. the total depth of the slab and otOe! t.e:lllS are 

a. previOl:d.y oiatined. 

EqUdtions 8-63 and 8-64 are uabea on an 

.. r!.i·.r experilllot'mtal atudy (Ref. 11-30) of d~er- c! rcular 

alab.. A lower boun~ to test data ~or dee~ Circular 
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slaba ~. qlven by 

P • 36.7' ~ • c ... - .::n pai 

( .... 5) 

h - It.8'.rt; L=2li N/cm2 

The ato~~ ~~~lessions {t~s. 8-63 .~d '-65) are sugqe.ted 

tor design of d~~p alabs. An upper bound to the d~ri

mental d~ta, vhich is appropriate for an.lysis, is obtained 

by .;h.L~91"'9 the coeUicient 1 .. in Eq. 8-6] ~.o 19 (ur 15.78 

:r. SI units) and ~he coefficient 3~ in Eq. 8-65 ~o 54 (or 

44.84). For rdct.n~ular alab •• it ,s .uqqested that Eq. 

8-(4 ~ u$ed vith L taken as the average of ·he two spana. 

I f t.h,~ ratiO of anoTt-to-lonq span i. less than O. S. the 

shear res~stance of the two-way slab should be taken equal 

to that of a one-va" sIaL spanning .\n t.he! short di~ct.l0n. 

It is nvted that £qs. '-63 throuqh 8-6S do 

not Cvnsid~c th~ ef~ect of tension reinforcing on shear 

capaclty. Test data repcL'ted in Ref. 9-27 indlc.;;te that, 

although the shear reSlS~~~~C of deep SlAbS i. slightl, 

hlgher with tension relnforcinq. it is relatively in.~si

tlve to the tenslon r~lnforcement rati~ Over the ranq6 

0.001 : ? : 0.015. In the .lab tests bo~~ded by Eq. 8-63. 

the tenslon relnforceaent ratio varied frOM 0 to O.OlS 1n 

ea,h dlrectlon and the compression reinforCeMent ratio 

Vd=lCj from 0 to O.OO~. Although tne strength of the 

slabs t~sted did not vary slgnifi~antly ove. the range 

0f tenslon relnforclng. the presence of re.nfurcinq steel 

wa .. found to affect. the se'-e.ity of the fail-Ire. In IDOst 

cases, those slabs .It:. no rel.nfor=inq broke into __ 11 

fragments. Those with relnforci?\q. although aeverely 

damaged, dl.;i tend tn atay togetller. 
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Re'erenee 8··;';' ird':"catea t.h.~t alOAoeIlt .lnd 

... ial torce. affect Lla aha",.:- strength of deep ',vo-way 

.labs Ln a way .tailar to t'l.:lt ot-.erved tor be6..»S a'1d 

one-way slaba. Increasinq c:;.oment at the critical section 

v111 generally decr.u.C! the allowable ah •• r strea... CO'll

pre.sive axial l04ds incraaa. and axial t~n.ion lvads 

lower ahear ~apacity ot cvncrete sectioLa. It roment and 

axial loa~. can be dot~rained with reasonable confi~ence, 

it ia sU9gested that • unit ... idt~ of the two-way Blab be 

analyzed .a a be .. column spann.nq in the short directlon 

uainq the procedu=ea de.cribe~ in paragraph d.l.3. The 

shear c~aci~y ot the two-way .lah can be estimated as 

itl + ~). but not leas than one, times that of thr beam. 

In the event "hear capacity .l.S req\llred 

above that provided by the concrete alone, add~t1ona~ 

atrenqth C3ll be provided in the fora of vertical and/or 

horizontal web reinforcing. The amount of re:~f~rCln~ 

required can be determined fU)8 Eq. 8-]6 or 8-.19 A:> ap

propriate. 

c. Supportl.lg' Beams 

The beam:.: supportinq a slab must be dp

siqned for the actual load distributio.1 on the beAll\, 

~ich varies a. the edge shear (\f the supported slab 

t'or a square slab, the flexural reslst.:lnCe of suppor(.

in~ Deams with symmetric41 support restraints can be 

determ4ned by as~~inq .. triangular load di&tributlon 

with the aaxilllUIII load intensity at the center of tht' 

t~~. For this case, the support beam 4eslstance, ~x

pressed as a uniform load on the slab, 18 

Pf .. lO.8~p + p If (!?)(.~)2 
e t: y a L 

(8-H) 

toea 

... ~ ...... 
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a • c~nt.--to-cent~r distance between ~jacen~ 

.~abs 

For ~he beam under ~e lcng side of a tvo

way slab, ~he lo.din~ may be ,~.~ed tr4pezoid~1, which 

lea1s to 

?f • 7.2(Ve d I. r 4 ] \ ~- 1 2 + Pc·fY(.)(L) 1 _ !(~l 
\. 

(8-(7) 

where ~e teras are ~s previo~.!l deflned excect ~at a 

is the center-to-center di.t~~c~ betwee~ A~jacent long 

bealliUJ. The tl •. ~.l res~stanre of the bea. under ~e 

::>hort apan of a rect:an~ular ala.b i .. ubtained frca Eq. 8-~6 

Wl.t1. a tAKen equal to the sh,)r": span. 

The st,ear n~sistance of be ... supporting 

a two-way 61ab can be deterained using the eq~tions of 

par&graj.'h 9.3.4. 

8.7.2 ~eel 

For .one struct~.l eleaents, steel.plate is a 

.arE' [,:','Ct.iCcl4 lI'.att'rial ..... an r .... inforced :::'Oncr-ete. Acce.s dvora. 

hat::-ne". ,~nd cover plates are e't&mples of th·- typea of struc

tu. ~~ elelll€:~t. which it'od themselves to fabrication frCIII steel 

plat~. The ~'Xlmu. deflectlon. and stre~ses in t~ese ele~nt. 

wil i be affecu:i by plate }~_try and the type of ~ui='port ~rv

vid~~ at the edgt's of the pl~tes. Unle.~ lt is combi~~~ wi~h a 

system of atlffene~5 •• t:at ~'.~e provld~s ~ery low 1~exural 
1eSl!!tll'l'lce to later .• l loads. L-. I'IC:;:~ casE'·s. large 1efl.., ... ~tlons 

CIt t:ie i-late wlll r~.,llt .n t,le apt-l1led loads bel·nq ClOrrled 

prl"'l&rily throu",h __ >tane ~C~l.on. The flexural load capaclty 

of s~eel plat.a can be .~tlmat~d frca Eqa. 8-Sb Ot 8-59 by in

sert.n.; the .. pproprlate lnU:':lent. capacltlE!E at the c itil..·al $ec

t:·~:;.. 7". l,,~'qe deflectlor.s of IIlmple f;'at plates c~n be n:~

du,-p(j by uae o' qrll1aqes of LeAlllS or atdfener •. The ;-'Ime 

balnc relatlonshq::. cauL! be an)lu~d wlt.h IDOllIE'nt ca.pacltl .... s 
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based ?n the pro:>-ert iee o~ the \Jri lla<:;e. 'l'orlillonal t'f: f· '~lS 

should be im'cstig<lted 1n .. 11 case .... 

8. a RE I N'f'ORCED ~'ONCRETE SHEAR WALL.-

Rein!'Jrced concrete t"he~r ·, .. • ... L· an- 8tru~-t' .. rdl c: 

",1\ich are desigr.ed co l.·esist lat,,_ <11 l';),1ds in the pl.i:"· ,f t.he 

wall. When properly deslgncd and Inte'··lr.st,·j 1nto t.t,., ·tt'".''''''l-t. 

system of a build.ng, they proY.de conslderable reS15'~'~P ~0 

lateral deformatlcns. In man\ instances. they C,ln t.' ,: "~j~',,'d 

~o prvvlde the tot.al relustd:.ce tv latt:r"l df'f ;Hmat 1<.: T~ll' 

interior columns can the .. l:e desl.qned to '~8lst only d" ", 1r;a,15. 

She4r walla Glre effecti ve elements fc;: transrni tt in,l st> c\' bet ..... · •. ·'n 

successive fleors of ",ultlstory b\.llldinqs. 'riley ale .. .,. l~f cun

atructed integral With floor slaes. COLl..'1l:1d. beams ar:,: ':.i',~'r 

shear wi'llls orier·tei at 90 degrees. In these cases, t :." ',thC't 

elem€>nts contrl.bute to the st.,,~,:']t!.. stlffness and stli ,::t) of 

the shear ",a Us. 

Figure 8-23 is a simplifled repres<,,,tatlon of a ~" ~,:al 

ahc!'clr wall and ShO~fS its princlpal p.ler.:-I<;?::ts. The peG res 

for design and analysi .. descrlbpa in tht' fo11)"'ln9 P,H :. ,t,.,hs 

are based largely on sta~l~ testa of mo-le'l _3.!15 ·:t t '\'pe 

shown in Fig. 8-23_ The walls were relLfc-rced Wltt; <>~ ,,,l: p<.1r

..:entages of relnfnrcing o;teel uniforrn1~ ,llstrlb:,.;t ... d t!.: ,j.;huut 

t.he walls l.0 vertlcal and horlzr>r.tal dl!t',_tl,)f'S. 

Flgure 8-24 shows tYPlca: lead' le!lv~tlo~ curvv~ 

test walls. The deflection lncrAdsed lln~a~l) ~ltn 

t ~-\ ~: 

.. [. 
u::~ pc.lnt wh~re first craciuog Gce-un.. f<eyo,d t~.l!> .. t",t' 

load defl<ct.ion lel.l.tl.onshq:; ~ .. a tun,,·tHJr1 vf t.ho'· Fr; ": '''" 

of the wall a'"ll the reldtivt' 7er~eflta9t>:; of rp.:1t.)r~·t' 

in the shea. p-snel and aj)Cic.'-.t fr.:lmlnq .. l":"":lt~. 

s_lier L/H ratlos .about 1) "l1il gen.,r311y ,~xh.blt "" 

load c')pa.itles greater' tha-. tr.t;' cr')cKLI..J 10d.,i. :"h' ' . ,'I,"','., 

H. lOisd carrYln9 ":~p.;lCltY 1S l.;l[·.j~'iy a t.l;lctlon ct· ''·''!It 

of relnforcing stct~l In t.e wall par,~l\:',J 1.:0~jrr.r.s. .~::; ~lth 

lar'1er L/H ratlos (grt'.:.~t'r th.:'lll 2) Will ,,;s'Jally "":~',:lt ~",:.t., 
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f'j,~~~' 9-24 ,'h.rac{t"n.tlc Lo~-OefJ~tion Curv •• for Shear Wall. 

,Ii: 

loa4e about eqw.l to t.be CJ..~ift9 l~. 

~ boriaoftt,l atatlc load ~e~i.~c~ 01 the vall At 

fln ': ""cking 1a 91ven by (a.f. 1-1) 

Re: - O.lf~Lt 

tlbere 

(8-61. 

L • VAll length cente:-to-~nter Qf c~l~. (ae. Fl9- Q-2l) 

t - thicJu •••• of the ahe&r ~nel 

The ultillate .taUc re.istance ot the vall is a hmetloh 

of the cor.p .... 1on "lu.n end panel influence factor.. It is 

9ivan by (Ref. '-1) 

c 2.:'P 'u • 1 + lOP/C + J7C+T."{ (8-69) 

wbere 

C e' A.f~ [15 + 1. 9 (L/Il~ 2] e coha:n intl~e"lce factor 

A. - area of col~ .teel in coluan on co.pr4aaion edge 
of panel 

, e fyPt(H + LJ - ~An.l influence factor 

p - ateel ratio in each ,~re~~ion ;4~a~d aqua') 

H r vall height to center of top t.~ 

The deflection at first cr.,eking i. lR( f. 8-1) 

where 

R H c 
4c • ~ (

H2 2.2) 
JI + Lt (8-70} 

I • ~nt at ~nertia about centrold of horlzonta! a0C

ti~n through shear v41l including fr~ btt neglect

ing all reinforcement 

The ahe'r vall d«flection at vhich the ultimate re$i8tal.~~ 

i. reached i. qiven by the relation (Ref. 8-11 
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fu • It''elll'L Uu ~ 'e1 (11-71) 

.~ 'c ,. the defleedOQ at fire: craeUng a. 91na by ~'J. 

11-70. ... ~ 18 equal to or b .. t.b.aa ~. Sq. '-71 haa litt ,-., 

alplfieaaoe. ao..vwtr. in all e .... it: call be WIe4 a. & de.l9ft 

criterion to In41c.te tbe \lfJPea: 11a1t of denecUOD for whIch 

the ahear _11 ... , be dIulgned. 

1'lle .. ~ie. of teata apac which Bqe. '-6' thro. 1-71 are 

Meed oon.1dQt:ed a linit.e4 r&nge of .adaUoae 1A t..be peope :t1ea 

of U. walle ani 001--.. !'he reinforcin9 atael ratio ... ,aried 

fro. J.Gl to 0.033 i~ the oolu.n. and fro. 0 to 0.015 in the 

.. lie. co.er.~ strength varied f~ 2000 to tOOo p.i (ll.C 
b.I 27U R/ca:, and the ,ia1d et.rell9th.>f the reiftforcill9 .teel 

.. pied f~ t2,OOO to 52.000 p.i (2',9SJ to 15,~50 a/ca2
,. Th. 

LIB ratioe Yaried fro. O.t ~o 1.0 and PIC ratio. varied fro. 0 
to 3.26. JlPFU.t~.wiUty of tlw .. eqWlt.iN\. to c:x:-.bluUon. of 

propert' ... OQtai~ the .. lUaU. is UIlcort.&in. 

!'be shear wall teeta in41ate4 tbAt tbe ultiaate ahear 

ntai.t.a ......... no~ .ft 'ete4 t.C' any ei91\1flcant 4egr .. by the 

d.u).tAneoQe appUc.ti.on of ".rUeal loa" unle •• UNo •• loads 

eJCICMI4ed tbe l.at.~.l load. Thu. in .,at c •••• of intere.t, the 

effect of ver·;c.1 10648 ~ ah •• r v~ll r.ei.tanC& can be neglected. 

~ .t..lt&he~. applic.tiOD .,f loa4a aonual to the plane I.If the 

aMa.r wall vill be ... ,. .. fleet on it. atrengtJI. ftb type of 

loadln9 eaa ar; .. in tIM c.a. of exter ~or .,.lh .ubjected to 

.1rbL-st lo-.li"'9' '1'be c-.biaed norasl Ul,l Ut.1' load r ... ia-

~"\Dce at 41ret cracJ(iftJ i. d.fined by the atraigbt !ine intJ:"-

aet.la. &ci uatio'j 

... re 

at at r+ r!.l 
c e 

(8,·72) 

!l~ .. applied abe.r loa4 oAt Urat crackin; under combined 

lAM1Iin9 
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.~ • tota: no~l load at fir5t cCftck10g und~r c~in~d 

la.ding 

lie - total n')~l 10.d resistance at t 1 rat -:.rackillq "1 th 

no shear lo.&d 

O.lfcLt2 

- ~8{O.07 - O.~H7tT 

Thd u1ttaat. ccablned nora.l ~n~ ahe~r iOl~ r€~)~tance is 

4efineo1 by t.hs c-j rcular interaetlor. equatl.:m 

where 

(~:f + (::/ < 
(Q-7Jl 

au ultl.-.tte a~.,,:;'i.~ ahear lcad ur.,1er (")l!Ibined 'oading 

N~ - nOrB'l.l l(;.ad ,pplied at y ieldinq of rE'l:lforcelMlnt 

under combined loadin~ 

NU - nOI1li&l l.:>ad resiau.nce at yield of ~einforc\.'lD6llt 

'11 th no shear la.d 

The nonaal .Load ".aistance at yielding wlth no shear L,.:.d 

can be obtained fra. ~~e appropriate beam 4~~ slab eGuationr .n 
parAgraphs 8.3 and I. I. Wall Je{le~tions in the direction of 

the ahe.r la.d are not ai.J~ificantly affected t,y verti( al 10<lda 

.nd ~qa. 1-71 and 1-72 are applicable. Although Eq. ~-(9 was 

44Iveloped for .\nqle story .. hear valla, it can be applied to 

individy&l atori.s ~f aultiatory buildin;s. Operj~g6 in Bn~ar 

v.lls r.duce their atrenqth and ahould l::u aVDlded if \JOssJ.bl£. 

If openinq. cannot be avoided, the shear .tlength !If.:n_1J be b4sed 

upon application of the pcecedin'J .tquat ;"on", to t.he lnc'lvidual 

portion. of the vall~ betveen openlnqs. 
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II. ~ CY!.INDF.RS 

8.9.1 Introduction 

Cylinder. are used pru..rlly in underground 

(rotective ocilat.'OJct.ion ~ppllcationa and .. y b« oriented 

~~t.her vertlc~lly or horizon~ally depending upon the int~nded 

function. The bfohavior of buriec' cyl!ndera 18 ai911if.i.cal·tly 

affected ~. the rroper~iea ot the surrour.d~nq .~11 ..... Mo.t 

of the er:perl"ntal data L~at are .v.il,~le are for cylinders 

buried in cobea:ionlt. •• soil. Such other data a. are aV4.Uable 

indicate that ti,rusts and ~nts devel~,~ ~ ~llnder. buried 

t n COMf>sl .. aoil wl.ll be cor.siderably larger than lor the SaMe 

cylinder in oohes~onlea • .ail. 

In addition to the pro':)ertiea of the surro'ndinq 

• 3U .. sa, ~ behavior of buried cylindera ia dependent wpon 

tha depth .,. burial. The full advanta<jft of earth cover .Ln re

ducing tne loada tranPIitted to a cyUnder frca tlLe aurroundin9 

.. )il appears to be so.absta.nti.tlly realized at a (lepth. of burial 

of one di .... ter. E.;.. ... pt ft r furthur attenuation of the peak 

f.ree-f:eld soil p ... essur~ froe above, little advllAtage is gained 

Wl.th depths ot buE ial greater than one «hameter. The ainimUAI 

n,c~.nded dept;} of burial ia one-eiliJhth. dicUMlt-er. and ai'1r. fi

CC.ot structural aection econOQY can be realized \"ith deptt.1I of 

bllrial of at ~.ast one-half diameter. 

AltO,ouqh always de~ndent upon the specifics of 

Ue particui..r atn.lctur.-.. ~Uua inl.eractiOfl ,heno.ena invol vel * 
b\;.r1ed eylincier. uL",ally possess .ufficient flexibility to al

lew reduction of loa~ a.y~tri.s. Becaus. o! this ability to 

;-dj'lst to load .lonuniformitie • .,..,d the absence of st1e.~ rc iser. 

oue to structural discontinuitie., cyliuders are typi~~lly able 

to ('eSlst imposed l.>ads IIIOre effi ..... iently than re·:t&ngular struc

tures. 

6'5 

I.'.l ~neral BehAavior 

'thruat, or nora.l AX:&1 • .)r-::e, 1s U~! only 

1nternlll force c,pneratltd 1n .. p.lrt4K tly round c 1 lindric4l 

aection al4bjected to a centrally dllected U'H,ona €. .. c.er'n&1 

pre.aure, i.~ •• ah •• r ~d ao.ent ar( everyvhe(~ %e~o in tr, 

aec:t10n. Accordingly, qlinder. Art exc~dinql.y efticSer.t in 

reaiating larc;;e loads under these ';':Ilaitions. Unf,::>rtun,.tely. 

real struct:J .. 'es are rarely. if ever, perfectly c,,"nstnl':ted, 

"nd ~e pres.ures i"'lposed on a burhd atnlctUl'E' 68 .. '.'esult 

of a nuclear doetoJ'lation aro highly r,rmunifcrm. 

Thr nonunifora presa~re di.tr1butior shown !n 

FiliJ. 8-25 can ~ uaed to repreaent .. ,1..1''1e 1M )Orlt1 .,f actual 

load ca.es encountered in the design And analysi' of h4rdened 

structures. The internal thrust. shear a:ld lIIQm.-nt r.sultin • 

froe the pressure di.trib··tion shown can be eA"resned 48 

P ti - -qR + ~ cos 26 (a-74) 

2 -Va • - J pRain2e (S-':'S) 

- 2 
MIJ • ~ coa 26 (8"-6) 

where q ia the :U<jnlt..ldo! of the unit OD! ,-:omponent .nd p ia the 

1II,xiaw. amplitude of the nonunlfora COIlIP"'nent ot eatern.l prefl

aure. Elastic atrea.e. in the s"ct!Qn frOll' th€se in'_ernal forces 

can be determined with very l~ttle ·,rror by conv~ntional beax. 

6lnalys_8 methods provided the curva ~ure ?4r&meter, IV c. (see 

Fi9. 8-2S) is ']reater than 10. Fc~ '".,,1ue& of R/c less than 10, 

the elastic .tless ca:) be f,)\l."'Id bi 

[
!'IC PI 

o • J( -j + AJ (f-7:') 
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1"--0.26 

Pi9yre 1-2S Circular 1I1ng SubJected to Nonuniform El'tl. lilal P',·S8I..l" 

(;')'! 

where 

J( • Wl.flkle.l -BAch curvature cor recl_ ;)0 factl»: 

1 • lIIIOIIIent of H,ertia of the cross sectIon 

It. • area of the .:roslII sect lOI. 

Values o~ ~ lor ill rttctangular cr-:;s 5ectlon dte ... ho ... r 

Table 8-" [1...>111 Ref 8-11. ill'lues of !( tor o':.lh:' cr"",,~ !H:C

tion 8hape. ace alao COntal·I«!d in Ref. &-3:. 

For a perfectly round rlng, the de':lec-tloll due 

to uniform exten,41 pressure wlll be negil91t,l.!, .,,00 thp elas

tic detlectlvp can be take.') ilS that jue to tb, r.c.Junl tOl Ie com

ponent, p, i.e., 

- 4 
6- .. @ p gEroa2 " i~-78) 

Table 8-3 

CUJr'lt.TURE CJR.lQ;Cr Oti FACTOitS FOR STRAIGIlT-Bl::i,""~ Fe RMULA "lI·f. 8- JJ.j 

Se'.:tlon R 
f 

-]-~ Factor ~ * 
,----- ------- I 10 

InSlde I'lbelfCltSldt: Flbel I I -- -----, 
1..2 .?'l9 C 57 IIL)05R I 

~
-i I ~:: ::~: I ~.:~ ~,:~~:: I 

I 1. 8 1. 63 C· . 70 I O. lUi< I 

. 2.0 I loS: (1.73 IO.:)'}OI; I --1 . . I F<, t.o 30 0.fl· O.041R ! 
4.0 1.2) I E5 O.O:lR I 

J:u)d"i,>,id.· •• tvt 6'11.12 I 0',90 0.0,)93R .~ct10n .ill"60SL" s. I I 
8.0 1.09 L 0.<;2 I :..v)52P I 

10.0 ~__ (~_~~ __ ~~~':3~ 
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If ~~. ring has &Q initial ~centricity '0' the 4efl.ction due 

to the unifoz:a pr ••• uA ~nent. q can be exprellMCl .. 

6 • 4 coale r. CiI ] 
q 0 lqcr - q 

(1-19) 

-.r. 

Cilcr • lB!ta
1 

'fakinq 40 a. the peU ~fl.cUOft due to the Drnlunifotll COIIIpOnent. 
1. ••• pR·/'BI, 

- 4 
4q • Hr co. 48 ~:qJ ('-8~} 

1\ ped p-,babl • .-la.t, • .ieflection to be eJlPactecl, then, can 
be taken a. 

- 1 « - 4- ~, • '1 eo. ~of;---l .ax P.. ,.qcr - qJ 
(8-81) 

and a lA&JtillUa probable a..o.er.t tor ela.Uc deaivn .. 

~... • .p + "q • "e + qR6aax 
(8-82) 

- 2 [l] e;- co.U II - Vq ..... 

Tbv expre •• ion. and ••• uaption. pre.en~ thus tar ~e generally 

app!icALle for .laetic behavior of ring sectiona of any .. terial. 

~ • .e ba3ic relation. can be specialized to aa.e degr .. to tit 

tb particular ring .. teria' properties and design or analy.ie 
objective of intere.t. 

'.9.3 Steel Ring. 

St .. l i. a r .... onKly h~eneoua an4 isotropiC 

_t~erial a:4 thw; lends itaelf • .0 cttrtain analytical .iqllifi

cations. Taking aaxLta __ values of thruat and ..... t t~ Eq •• 

8-'14 aud 8-76, the expression for ..xi.", fiber .tre •• (Eq. 1-17) 

6" 

in L ~in9 f~r ~ loadiD9. of Pi,_ '-~5 r4D be vritten 

a .. x • & [2P(~t + (q + ~)(~)] (8-1l) 

aquaUon 8-83 givu. aaxiau. .tr ••• in the 8Jltreme tiber of the 

riD9 ba •• d 0:) «la.tic ~zy, i .•. , e.teing o ... x .. ('y' Eq. I-I) 
91".. a relation betlN"Ul p and q for iritlal yield in t,h-, ·in~. 

It i •• hown i~ "f. 8-32 that fir.t yield vill oct~r a~ Pcln~ 
• and D shown i.l rig. 1-25 and that 'l.e relationship between Ii 
and q at col lap •• (fully pla.Uc hinge. at A. B. C .and D) can 

be .xpr ••• ed by 

p2 + 12ayP + 9q2 • 9(tOylR}2 (8-14) 

With the .ub.t!t~tion. 

Po ~(L) -. 8 (1 af y 
an.t 8 • q/p 

where Po - q + p, Eq •• 8-83 and If-foe can be 'n-itten 

(!;Lla.uc It (l + ~I 
(1-'5) 

2{~)l~---(8--:~!) (~) 

o itS+1 t 2' 
(p ) ~ I ay collap.e • I + 98i -1. I +(IR) (1 

lI2t };I tel.") 

With the preceding equation., it 18 po •• ible to 

.elect cylinder .ection proper tie. ~or either el •• ~ic or ~lti

.ate .tr.n~th behavior if th~ loads are kn~. Alternatively. 

coabj~ation. of p .ud q to ini~i.t~ yielding or to collapee the 

.ection can be esti .. ted it the .ec~ion properties are k~own. 

Stuel .ec_ion •• elected C~ ·he ba~l. of .t~.ngth, 

a. vith the equ.atione above, are more .u.ceptible to f.~lure by 

buckling ~han reinforced concrete •• ctiou. due to the thi~ner 

steel val: thickne ••. required. Various buckling po •• ib1,litie. 
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4\Ie to .... uatfora ext:.en\&l l0e.4. u. iA~tii:~t..Cl a a.f. 1-32. 
1'1'1"" 8-2' frca... tbat. rete.rence 1_ pl'OVlcMd ... VUl4e •• to 
.,...tJwr .ta.llll1ty rat..acr than atrengt.h conald.r.t.lor.. contro! 
1D tM .. leetlon of cylUwSer .ection properU.a. 

In c .... wher. yie1d109 occurs before the poa
• 1bl1lt7 01 ~ling, it. 1. 4e_trable to kDOW the load-defor
.. tion tuuctioa atter yi.14 and betore co 1 lap .. 1n order to 
•• tt.ate tbe ~rve atrength available after yield and t~ 
4etlectlone involved. t'b.l_ probl .. ia lnve.tigated in Raf. 
'-12 wbere it va. found, a. expected, that the del ' .• ctior •• are 
.troll'lly 4epeu4ent ~ the pre •• ura r.Uo, IJ • ClIp, and the 
r.iDg thickAK'I par ... ter. alt.. Expn .. aiOll. froe "", 8-32 for 
detaraiuiA9 cleflect10na alter fteldiD~ "'. aw.arhe4 in Tabl. 
'_4. '!'be .. eqQ&Uo~ are :JUitE c\mlberll<Ue ~or hand aolut1on 
but are rc.41IJ aolved with the aid of • digital computer. 
1'1gure 1-2' 11 J.uatrat.ea th. type reaul t_ obtlline4. 

It wl11 be ~ecalled that the presence of axial 
for, ... 1A at..el lHIIlbere au.bjtacte4 to coabll'\ed banding and axial 
loa4a reduc»a the .-.ut capacity of the M!'!ber. For .teel 
• .etlan •• treaeed beyond the yleld point, larg.r ~ial force. 
rvault in larger defl.ctlon. fo£ the .... torAI ~Ie •• ur~, 
;0 - q + p. 'fbi. uial force effect on afleetlon i •• "parent 
in Fig. 1-27 where it II&Y ~ .een tb&t an !ncr .... in 8 (which 
_ana an increue in q with r •• f"!ct to p and, in turn, an in
ere... Ln 'bruat) r,.dlt. in an lncr ..... in defl.ction for the 
aa.ae toul pre •• ure. Po. For thin =1D98. axia', :orC"lI ~1:1 be 
... 11 with rea~.ct to the ben4in9 force. and the 4eflectiQn~ 
can be taken with little .rror ae due to p alon.. Thin ring 
6eflectiona are a~en ahcwn In Fi9. 8-27 for co.parative pur
po •••• 
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Tabla 1-4 

E0UATIONS FOR I~F.r.ASTIC t'EFORM.\'t'ION OF liOMOGENE.)f·S RING (Ref. 1-)2) 

(, . """1' 

~ Ae 4 (; :-.) (~t' )3 -p.-.~ ~ 

Tab} 8-4 (cent.) 

EQUATIONS FOR INELASTIC DEFOaNATION OF HOMOGENEOUS iING (R.f. 1-32) 

(,A • ct .. flectic'r. , .. ;>oint ~ 

6,.. • r':;,int A deflecti.on at .u.tic llAit 

B • Vp 
Po ., Iq + Pi_ 

Poe ~ Po at Hut : ' .• l~ 

p(O(; • Po at LQU.p;e 

• r1n9 thi."kne~a 

• yield .traal 

'!.. • _ent c.p,.a1 tv at. firat vield 

( 

.. ", • --.;.t at PQint a 

.. e - thru.t at angle '!I 

p. • thru.t CIlp41c1t:y 

8. .. angle e at: thr •• ho \4 of r)~"flUeU,y (rift<, 

q'I.Ia(kaJ'jt iMla .. tic fra. :} • 0 to ". and 

el,utlc trOll e to t./}.) • 
"1kJ • -.,nt at B at hut yield 

MaP • fu 1 1y fla.tic -..nt capacity .tt IS 

i 

I 
l 
1 
1/ 
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I 
I 
I 
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8.t.4 Roelnfglce<1 ~ret'! thngs 

Speciali&ation of the basic ri~g [~14tion. for 

r.ir.for~ c:.oocrete sections is a great deal more dlff4cult 

and cWllberIJQIIIr' :har. for Itteel due to the ilonhollv'~eneity lnd 

nonll.:lear ~i' .lVl.>[ of relf.forced ':;oncrete. Con"cquentl y, 

su.plified 4L' ~lyti.:al expre£5io"", for .o"lha'. lU! of reinf()cced 

-:>ncrete sections -ire even 19'1s precis" th3.n tileS!? for s~.eel. 

Altoouqh thp. siillplified methods can be used "ilth reasonable 

confidence to pl.)vide a safe design. such '1let.i',,c,.5 <i[(> 111('1' • 

often than not: capabJe of prow'idin'-1 ofily a cr',ld."' est11\".ai"t1 of 

~h .. behavl.or of the member. Wfler knowledge ·of dw strucl:..Iral 

response in some dpt.ail i8 lequi-~, It is q<::ne::-ally nCC€::5Iidr,,' 

to reformulate the problelll frolll funuamental pri,":,:'l~leli and 

utili&e a computer to solve ehe resultlng expr",!\Slons, 

Since the ext:ernal loads impost'li on a bllried 

cy1ind~r may (~ from Any direc~ion, th0 ?lOpertles of ~~

inforced concTPte r:.~" are ty;>" ~allY\<!hle Constant With re

~pect to the anqular positl.:>n (\. This results 11' equal ten

sion and compression 81:._1 ... =~i~·~; Le .• p" p'. Accordingly, 

Sq. 8-10 :educ~s to 

Mp pd2f (2 • tid) 
Y 

{a-a7l 

whe~ t is the thickness of ~he section. Equ~tlon 8-87 18 

v'!llid only when boUl tension and compressi.on steei have 

yielded (see Eq. 8-12 fU4' ve r in':::3tion of yield 1n the com" 

pres.ion steel) and .. n the absenc~: of signific"nt: aXl.,\! force, 

When these conditior.s a-e satlsf 1<.'<1, the stee ~ rat ie fur each 

face in ter:ruc; of the lo"d functlOl) of Jig. 8-2'; can be fOtl."ld 

fl'OIll 

( 
P )( r 2 TO. i) , 

p • "'lTr.-1fTI-~-t.TcIY 11<-1'1'l\ 
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".. &""0 .. aqu.atl-. u. rarelr awl1ca~)l •• 1oee .191liflcut 

a.xi&1 force w11l a1lloat alwq. be preeeat 1ft ~.1Aforce4 ooa

cretv r1.nv", 

... cU.cueeed pr."iouely. a certaiA a.ouftt of 

rudal force iacrea... the ....... t c.paei ty of ftinfor"eCl con

(:raCAl .. etioae up to • point. It 18 d •• lrQle for P'U'PO." 
(.t ueaign and for ductility of t.M .. etion to .elact .ectio.l 

prope~ti •• conai.tent vitn the ~t!on b-c of the interaction 

dia;}:--.. nf Fig. 8-13. 1'0 '««un t:hie objective, it 1a necea

IIUY t:hat the aection be .uch that the ui.l lo.n;.. P, 1. 1 ••• 

l:hen Pb , th. axi.l force at the balance polnt. 'ft1a aa.x1Ml8 

t.hru.t 'in tM ,ring <-q. '-14) can be expr •• ..s a. 

' .. • (!la) (31 : U 
C'~iniA9 Eq.. 8-" ~ 8-11 r •• ult« In 

~. 2.2 fdW!O fyl (l) (~a+ +A1) 

I 60 000 ! (d) (8 + 1 ) - 2.21'0,006 + fy i ~ 

BII~li.h 

81 

An effective depth. d to ••• ue p, .. < Pb can be f~und froa 

Sq. 1-10. Then, wlth ~he rel4Itions 

Pu .(~ (3g ! t) 

Pue' -
p a2 , 

m--.-u-

(.-It) 

(1-90) 

L~ th. interaction diaqraNa of Pig. 8-20, a riDg •• ction can 

~ de.igned along the principle. outlined i~ paragraph 1.1.3. 
A .iailar ptoce1ure for d •• 1gn of reinforcef. oo~cr.ta ring. i. 

d~scribed in paragraph 8.11.3. 
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"J.ntorcll6 cnacr.u ri ... ue rM_Ly 9O't'8.rn.cl 

by buck.l1Q9 co, .. id.eraUOA' becawt&. of the thickex aectiClf'. 

iDV'Ol~. A quick •• tiaat.e of t.M ~uck.u..ng pr ... w!.:; C:w) be: 

.. de ,,1"h aq. I-it vitti E and 1 de\..cral~d frOll ~qti. '-1 and 

1-30. r •• pect~vely. Figur. 8-26 C.A alao be uaed ~o •• t~'t. 
the tM.lcklincJ pr ••• w.. by entering the f19ur • ."ttt, +h4 CODv.r

.iou 

(~)ac • n(~).teel 

31
1131a

) (~)ac - I12Ic!d (£ .. teel 

.... re A - B.IBc and lald1 can be deUtrain8d frca E.q. 8-20. 

&quaUon '-10 i. obvloU.1l· ~ q.e,:.er~l arproaimation ot the 

..... t of inerti. of a reinlorca4 CQr.creU .ecti,),~. in that; 

it oont&ina un11 two vuiable •• the effective 4epth. d. and 

the tAIra.lon ateal ratiQ. p. A IIO~. rational .'aluC! (AlthoWJh 
not ne~ .... rjly worth the a4~itional ~omputati~nAl .ff~rt in 

.11 .:a.e.) can be obtained by 

Ie kl 2 r /d' ] L .:P 2 "I ;I - ,. + pt (2n - 1) - 2pJt L(D - 1) '0) + n + P rrt - ~) ((I) + '1 

wher. 

~'-Il) 

t - -pUr. - 1) + Vp2 (2n - 1)4 :~l;-f;--ll-P·i~T~] 

d' • t - d. and p ia the at.el rat1? in on~ face (p • p' 
for ar--etrical cylinder sectional. 

Bla.tic d.fl.cti~4. of r.~forced concrete riD9. 

can be •• tiAated in a variety of way.,. Equation 8 -78 or a-81 

can be u.e4 with B and I frca Sqa a-2 and I-30. u P94lC":lv.ly. 
The following exprea.ion fro. Ref. 8-32 can be ujed. 

e n oe R '8 92) 
(
6 ) If )(. 3 
Ii RC • '(leld ]) (8 + 1) 'If; a) l -

708 

(7: 

\'---



or 

l4.1
1C 

a.l I 
.tee 

II 

Ulc/4
1 

A quick .. U-te of tu cleneedeMa at yi.ld in the .tee,!. C&Il 

bit obtained baa 

.z 
4,. - mD (I-fl) 

'I'b4t pre.aur. r'ltio ba.eed on A(:t workiD9 .tr ••• 
cSlts191' de",.loped 10 Met. 8-11 for deteraJ.biDq the UJait of .p
plicab!lity of Iq. 1-92 i* 

Poe • 1.1SCB + 1) 

f~ i!/ti (3S ... 1) + ~!~ 
It + 2p(D- l) 0.5«(11/3) + P;ll. - 1) (l - 4'/d:")-:(:-1---:;'~'/k4~::':") 

(8-94) 

,',t t:M 00118:-> .. pr ... ure r.tio (Bq. 1-90), the ultilute 4e

flection C6ll bit •• tlAatltcl by (Mef. 1-32) 

ond 

4u f~.8 -. -::-r.-::- nO - (~n 
2(1 - 81.060 + l~ rr+-T~ 

tt:~ 
• -, -60,~ 'iITt~ 2 1 - 60,000 + f \ + 

Y 

(
6U ) . ~8-95 
r • Iq:·t-=-n e

RC 

70' 

(~gl1.b) 

'1-95) 

(SI) 

1.1.5 P.orbontal Cyl1nder, 

In ordal tor t.rua cylindrical aectiou shown in 

rlg_ 1-25 to co.lap.e with. tour-hinge alechari .. , lt is nElcell

•• ry that points A and C .ave inw.rd and pointa BAnd D move 

outward. Ar.y sucb outward IIOve_nt in a bur!9d Cl' 4inler will 

be real.t:tod by the .urrounding 8011 which v11.l. !"LS\ll: in in-

cr ... .t l.teral pre.aura. Le .•• n incr .... e in q r ... lati'1e t..> p. 
A net effee, i. the aIIOothing out of the nonunitorm prea&u~e 

ComponAnt a. -.ntioned previously along with a reductlon in 

--.nt. 

'l'hi. trend i. noted in the .urv~y of buried 

cylinder te.t d.a reported in PeL 8-33. R.ela'ively fleJ(\.

bl. cylind~ra tend to .oOiliae ~re pa •• ive 80'\ resiat4n~~ 

at the apringllne, pol~t •• and O· with • corr~.pondiqq de-

er •••• iD .aaent .t th_~ pointa. Evidence ot thi5 type of 

behavior can alao be interred trt»l the cllving lII:>de of fail..lc~ 

no~~ .any timea in buried cylinder teat.. rh~ caving ~4 

of f.ilure ~a a three-hing_ -.chan, .. vith plaatic hinges at 

A and .t e - 30 to 60 deJree. en both ~idea of ~ (Fig. e-2S). 
!'or • cyli!1der loa~d frvi1l above, j,; apr,-eare "llWljblf~ thl,''; 

aobilia.tion of l.ter.l earth pre85urea oculd force che ring 

tow.rd • p + 0 behavior le~ving the upper ~~e o~ the Edction 

to carl'}' th~ .pplied p~esaure ty beam aetio~. Very .t~{f 

cyliDd.re will '1Ot deflect .. a r.u.dl.ly and w5.11 tend to develo") 

l,\rg.r .prill9l.i.,e lIO .. nta. 

A~thougb it wa. concl~ded in Ref. &-3) that 

__ nts at the crtMn .M invert (point.. A and C i" Fig. 8-25) 

vill ieneraJly be l.rgdc ~~n at the springline, i~ is still 

r8COMlaended tHat C)'Under aectlona be d"ai :-ned l}'l'Il!Ilet -lcally 

.ince the load .. y cx.e frOGl any direction as .ent lOlled pre

viously. As.hown in f.ction VII. it iJ quite po5sit~e that 

the JU,Xiaua ground .hock loaoin9 ... y be horizontal rathe); t.llAn 

vertical and tt. springlin. in tbe rolUlotati"n dl SCU55ed thus 

f.r beconaa ~e crcwn. and vice versa. 

710 



---~.-.-~, ..... ~--...... --~ - ....,_._._--- . -~------- ~- .... ---.. ~-.-. 

A significant poi.nt not.MI 1 •• Re~ •• -:):) va. the 

etf~'('l of .01\ discontinuiti,>. Gn the loada tran~.L".:t.ed to 

be;. i.e,! <'''Ylind ... 2'. For thiIJ reaaon an4 the wlt,:ert--.illti" .sso

.• te:l with ~ 1 i.nder. b'lJ'ied in coht-.lve ~ils, -"---"A. recoa

lMnded t.hat burl ~ cy".1..nd.ra Le placed in select b4U:kfiH of 

qranular soil. P,\rtic.J1.u attention .1.o'~l4 t>E paid tel beddinq 

underneatl. the C'Jl.'.nder .s is done vith WfOll-CQnatr·lcted buried 

pipoelines. It w". dao "",ted that ","'lvert .ld sever pipe f.il

ures are ';su lly ..... o-t:i.ted vith lJendinq .trellses or excessiv(ll 

d~flection and a~st never with direct cOftPressive .trength. 

of tte section., wh_ch points out ttle wisdom of desigllinq for 

sn,. Ih4gnitude of .lterna.:ing pressure, p. A lIIiniaua stMtI 

ratlel of O.(tl5 in ea<:h f.ee and in both directions, is .lso 

recoesaended . 

A buried horizontal cylinder call be designed or 

ana1l'zed •• outlined in precedin9 par.grc:ph.s after determina

tiun c<' the l", .. da of interaat afo d)scriLed in ~;ection VII. A 

,-'<'ef:::lcient of lateral 80il pressure can be jnccrpor.ted into 

the load function of .. i9. 8-:5 by 

B-1 
Ko • Ph/Pv - ;-.-; (a-96) 

For relat;'velt thin cylindrical section., the use clf the mean 

radills, a. j. generally .pplicable for determinatio"\ of both 

load anc! ... ·:tion ""espor,... F,~r the larger thickne"ses typically 

encoOlntered wi th !. ~in~orced concrete sections, i t .~. advisabl" 

to use th;, outer r.'.iius, Ro' for deteraination of 1»d and 

the .. an r~diu. fjr .action response. 

8.9.6 Vertical Cyhnder. 

Vertical ~~linders are ?enerally utilized for 

l1\i.ai:e .. Uoe an.! acce." sua!:ts to deeper facilid\ts 1n pro

tect" ';'ve construction, Tne pri.ary differencel" ...... ·' .. een desi~n 

.H analYSis of ve. tiCAL end h.ori20ntal cylinders are (l~ ,'er

tiCbt cy1i~ders will ~rie·,ce liiqnific.nt axi.l loads frOll 

711 

-"'---~~""~-"''''------' ......... -------,""",," -"' ...... ~.~ '-' ................. _ .... ' ............. ..,..._.,&<."',.,..::: .... ,_ ":\~, ..... " .... ~-i> .. 

the closure or cloau:. foatir'98, and (~) thAt portion cf • 

vertical cyllnclor near t... .. surt.ce C .. n expect to "\leper ianee 

larqe, alternat1nq CClIIIpO'tm';1I' of presaure than the lowor par~ 

of the vertical. cylinder. 

In ~ ab.ence of be~t.lr inforllWltion, val"Js of 

j:o .. Pso and " • 1 can be usee.- for d •• i9n of vertical cyl .. ndera 

from .. depth of 2Rc to the suriace. Belew a dert" of lito' P,., 
ran be taken .s the horizontal frqe-field soil plea.ure and a 
as 20. Axial lOAds frOlll the ,10sure arc a •• uaed to be carried 

by the cylinder in column action. 

For purpO&~1t ot t.41:ge' an&lY&1.:I, a judlJllllent. must 

be lllade .s to the IIIOst prot:>able loa.cie and the response of lhe 

b :ucture estiaated uS previously Jescribed. 

8.9.7 Circular Arc.hes 

The behavior of circular arches i-, sailar in 

gany respect. to that of hor;~ontal cylinders, i.~ ••• 180-

degree circular 'lrch can be treated .s one-half the ri.ng shown 

in Fig. 8-25 with expre~siona previousl~ furnished anc appro

priate conaideration of the .rch foatil:")_ .t pointe i! and D. 

Arches lllAy be e.ployed aboveground in protective corlst.n·ct.lon 

applications. In these (;;&8e., the prcavious discussion of the 

effect of th~ .urr~undin9 soil on the structural behavior is, 

of course, not applicable. Whether Abov.~round or buried, 

~owever. ~e loading on the .rc~ can be expected to co~tAln 

both uniform and nonunifol·. coa.ponents. After aeleetlon of 

loada applicable to the ca.e of interest a5 de!:ribed in 

Section VII .nd a judgMent made as to appl"Op;: Ultc vaLles for 

q and p. the previous expressions are 9~n~lally applicable 

for deiii-;:1\ or analysis t. .. ~ir.q che JaAximUIR thrulltt.And raoment 

as (1~~ ~Aqree arch cnly) 
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It will .1.a~t .lway. be found n.c •••• ry to ~~ider the inter

action or &Kial force and aa.ent in .rc~es a. vas foun~ to be 

the case wi~ cylinder •• 

It i. ~.Uldly appropriate +:0 treat arches with 

central _»qlee ~f 1... than 90 deqr ... as straiqht ~ber •• 

'1'0 .. central &ll'Jle. betv.efm 90 and 180 degree.. one can beqin 
wit~ ~5. 8-7! and 8-16 t~~inq e a. one-half ~b. centxal anqle 

and point. J. (Piq. 8-25) a. the crown of tho .1cb .nd d~.·elop 

expre •• ion. to fit the particular probl .. and boundary condi

t~on. of intereat 

SDaplified ex~r •• sions which can be u.ed f~r 

prelia1nar:' investigation of ar-:hea with central Angle. be

tween 90 and 180 dogr ... are presented in Ref. 8-2. These 

expressions .... u.. a un~:!:ora 10&d cOIIlponent, Pc' and a non

unifortll CC"'MIpOnent of constant uqn).tude Pf whic:1 acts inwa.:d 

on the windward side and outward on the ler.ard aide (.e. Fig. 

7-20). Af~r .electi~ of ap~rop=iat. value. {or Pc and Pf 

based upon consideration of th1t .ctual peak applied load and 

the pralle. at band (aboveground. buried. etc.), 

P ~..1X • Pelt (8-97) 

1 2{ 2 j "max ~ jPf ,+R) -T- (h.inqed arcn) (8-98 1 

y - 1 

"max - Ii:, Pf(ta)2[ 2 x
2 

1 (fixed arc!).) (8-99) 
y - 0.6 

(Pc)cr • ~ (y2 - 1) (hinged .rch) (~-lOO . 
It 

(pc'cr - ;t (y2 - 1) ,2 + I/y) (fiTed arch) (8-101) 
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vber. 

• one-half the arch oentr41 angle {~adian&} 

Y .. -It 

The above "alue. for (pcl ~r a.BUIlIoIl the .a::ch to b(! bur .i.ed wi' h 

6 depth of cover of at Jt!.t,t one-fourth i~s span. Fo: at-ove

qround arche •• two-tbirds the above ip );al • .:;:,o; 4L': r~com-
c cr 

mended (~ef. 8-2). 

8.10 DOMES 

r.10.l Introduction 

The .i. 't.'pone;e of a dome to blast e~f~ct.s must 

conHider two components of loading and thelC a~soc.ated re

spense lDOd.s. The importance of f'ither cciAiX'nent depends 

upon the position Cif the dome relcltivp to the ]I'ound su::-face. 

;'or • fully buried dOlMl, tne loadi ag tends to b.> of 3 ,"ore 

s}'laetIical nature and. as SUdl, produces predominatel', com

pressive str.e88E:E within ~.he dcae. ()n the other har:d. ""hen 

the dOllle i~ on the grou ... d surface. the reflection and jrag 

phases of the loading pulae c::ener<lte me::-e of a-: unsy!'lI'1'~trica 1 

lo&ding. This latter case. fo.:- Ccmvenl-':nce of identl f leatlon, 

is referred to ill'.> tht.: flexural mode. evell thCllgh the stn:-sses 

produced b~' it are p' im.1rily meUlLJ:ane stresse£.. Tht.- t.1oIO com

ponents of INld are discuased in ~;<!ctic.1 -'II 'lnd il:":.lst-.ratf'"d 

in f·ig. 7-23, which also identifies the notation used 11, the 

following discussion 

T!le membrane analy,;~l.> presented herel , ,e<jlects 

the effect of the uiscontjnuity o~ a dow-I'- shell caused ~y the 

foundation cr ring u~4llI at the .;p.::-ingllne. All..ouc;t) t.hlS 

bo'.mdary influt-nce is lo::al ).n nature, It shuuld e cc'nsldered 

in final design or analysis. Reference 8-34 treats ttl<' pro

blelll of edge effects c,nlvmes. 

Under the uniform radii'll ]oaoi"9 aSsOcldted w1th 

:..he compr"ssion!!lOde '.he dume is assumed to deflect into a 
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aha.pe COI'iliatent wl~ a ~1IIbran~ atreaa atat.e, ."" a .toAt_ o( 

:mifo~ oc-;apr •• aion ui.t. ev.ryvber. within thfI 4cae. 'the •• 

c~r ••• ive ~oroea ~r Uhit width ar. 

p a 
t'Q; .. t'e·~-

vher~ Pc i. a un!tora r.dial pr ... ure. 

~e drag and r~floction pna.~. of the bl •• t 

('-102) 

toIav. .'e.r.1rate Ll '.tnay.aetrical loading on the d~. TIll. 

loedin~ ia .pprox~t.d a. a radial forc~ v.ry~ng ainuaoi4ally. 
.i.n beth IMr ldional and cirlluafer .. ntial :Urectlon.. a. shown. in 

F1.'1- 7-23. 

At any point. the int.nai ty of the .1nuaoi4al 

10&4 ia C;iven .... P'f 4inccos61 tLe correspoMing ~raAe force. 

per unit width are 91v.n oy 

T _ _ PfR $,,Q .... ! . ..£O.il) (1 - coaa)coSll t e 
a 3ain. l rr .... COSII) aIna J co. (1-103) 

T • - PfR J .!l..!.....!_ sa + 2eo.
2

a) (l - coaa) t coat 
& 3.100 l ( + coaa}slna f (.-10 .. ) 

T • _ PfR_ j ~~Q) (l - con) t dne 
~e 3irn~ l~ cosal.lnQ J (I-lOS} 

The ferce Toe repre.ents a shearing force per unit Wl~U. in 

th .. doae shell at the fou."dAtio:,. 

The bucklinq real.tAnce ot the de ... hould be 

h~qher thL~ that in the compreSSion and flexur.~ 8Ode. of 

re@:'.on.e. Rcfe:re;.ce 1-35 define. the buckling re.iatance of 

.ph~ricAl ~h.l1 •• expreered in t$r&a of • unifor. radial load, 

to b<I 

Per - 2_ r-----,:-: 
R'iJ(l - \I ) 

2~2 
(8-106) 
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uber. v 1. Poiaeon'. ratio for the ~ .. t.rial. 

Experbaentally aetarained criUcd rres.,ur •• 

for thirt .halla deViAte conaiderably tr~ the cla&~ic&l el.s

tic value given by 2q. a~lO'. The tvc> principa_ re .. llonfl t.:lr 

the •• ditferarr."" .. :: are tJ-..ought to De thAt sliI&ll deflection 
theory, a~though adequ...c.e for U\4S c~ut&Uon of buckling loa:!. 

for plate. &nd bar., break _ cSown when applied to shells, &no 
that tha initi.l illlperfectio .. s in .hape t •• va • pronoun.:ed in

fluence in reaucinq the critical load. For C'Orlcrete st.ella, 

creep autlt .lao be consichlred. Becaus. o! these fActors. tl..e 

... reaent thinJtinq of .hell roof dasignere if' Vlat Actual !nck

ling loads Are about i/2 to 1/3 those given by Eq. ~-l06. 

However, sinee the abella used in protective construction are 

relativ.ly thick &nd have a low deAd loAd to deaiqn load ratio. 

rrc!uctiona in the critical pres&ure are not expected to be as 

aevere. 

Pc' a doae that ia barely "l11y buried, 0-. 

crilical buckling pre.aure .. y b~ taken ap that given by 

Eq. 8-106; for an ab~vegrcur.d doae. the bucklin9 pressure ia 

about ;/3 of that value. Fer inuraec!iat. deptha, interpolate 
linearll" between the». two 1iail. When tbe depth of burial 

ia greater than thaI.: nece.aary to constitcte the fqlly buri.d 

case. the possibility (. - buckling Med not be il.ve.tigated. 

8.10.2 Reinforced Concretr 
It ia rec~ended L~at a ainimum stetil ratio 

of 0.0025 be us.d in ea~h direction in each fAce of reinforced 

concrete dome •• 
a. l~iform Compre.sion Mode 

Th( l:eeiatance of a reinforced co~\crete 

duma in this mode ia obtained troe Sq. 8-11 fo~ axial 

load (".lPAC~ty of reinCcrced concrete .€ctionlf And Eq. 8-102 
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t. U\1'\Mt~. 

, ~ (1.7t~ + lP~ty'b/A 

t!e'ID.! ~ 

(1-107) 

.Utao", 1\ it. 18 ref.,"~ to .. tbe fl4Utlll'el 

~. ~ un.~~l'lc.l loada of Pit_ 1-21 are real.ted 
pl'i .... & ... a., ....... ". .ct~on. '1I'ee t.be 1M9D1t.uda of 

t.A1''': It ca~ by ~. t lexural COIIIIpC .. eQt.. of load vul •• 

WltA 10 .t~. i~ .a theoret.i~~'ly ~~ibl. to vary the 
~t.4I .. of atoMl. 'recdQaUy, it 18 beat. to pro,,·lde 

• t,h--ut c.apacity eq .... l to the ..u.- value r.qu1.red. 

roc a a...l.~".icel <SoIw. the ... ~ ".hnaet ia 

". • peA ('-lOt) 

and tbw reaiat_nee 0' • relnt~rced ooncr.~~ ~ in the 

flexural ....a, exprea.~ in tarai of tIM .. xiaUll "alue 

of tJw noDWlifona load CQIIIPOn&At. 18 

Pt • (O.'Sf~ + p~fy)bI. (I-lOt) 

c. ~ 

'ftte &near reaiatance nf ttMo COo.e cree. 

MCtioo '-:an !>c .-t'l!rained frOIR utpressiona in p&1:agraoh 

e.l... The .-d .... valUe of the horizontal .hoar OCC\lra 

4t tbP aprinq:ine e~d ia given by 

p. • 2pfll/) ('-110) 

d. ~!~i 
The buckl~ng .trength of a reinforced c~

c~~t. do .. is found fro. Eq. '-106 by subatituting appro

priate v.l~.s of properties of tbe aueticn. The critical 

~ifora ra4ia1 pr •• aure on a apberical d~ required to 

cause ~uckling ia approxi .. te4 by 

Pcr • 1. 2Ech2/R2 (8-111) 
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1.10.3 lli!.!. .. ~"nH Ira Coaprc.~i..2!L-Mo<2 

The reaict&nce of • at.eel doae in thi s 

.ade 18 giv<Ml by 

P • 2f h/a c y (8-112l 

b. Plexural "'->do 

The ce8iat&nc. of a at.el dom~ in tne 

fl.xural ~ i. gi Yen by 

Pi - fyhl" {8-1lJ} 

c. Sh.ar 

Th. ah.~r capacity ct th~ ste.l dorn~ ero •• 

a.ction C'.' ~ detena1.1ed fro. guidance in paraqraph 

8.4.4 anJ ~ljs capacity coap.red to the value qiven by 

Eq. 8-110. 

d. Buckling 

The bucll.ling st-.rongth of a ateel dome ia 

obt~ined t~oa Eq. 8-10£ by subatitutkrq ap~rnpriat€ values 

C! the proper~~e. of the .t~l croas .~ction. 

8.11 CQa>OSITE ,t:L.EME.'IT$ 

1.11.1 Closure. 

A ~nly uaed struct"x-al conc~pt for Idry,,! 

cloalJr.~ at t14gh overpres.ut"e levela ia the cc,ncrete 5 Ld::, con

firHtd by • stefll a~ell a" shown in .. i9. 8-28. In most ~','1Ses. 

the ateel sb~ll aerv.s aultiple functions aa rel~torcins for 

the c~ncrete. &n e:ectrom.~netic rad~ation shield, and 4 con

crete apall inhibitor. 

AIL~OU9h experimental 4ata indlcate that d~ep 

-.cabers of thia type viII rarely, if ever, faU in flexur:e, 

H8 
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''''"Art'' 8-41 CC~po'lte Slat> Conf19",,'at\or. 

.,.1 ,-' \0, rcot fi'> 

f.qure 8-29 :::r~ .. !>~·':tl,->n ~,~ ,-'C'mp)Sltc T ... nn<,'l Lin.-r 

t.heir flexural r.~ista.nce lIIir!.t b<'- .. a190' ficant fse o r;;c fur 

aome r\~b 9f'~trlea Iteference i-JO suqge5ta !! netl'.od (;1 

cstiaatinq the flexural load capacity W't.ich includell! ar' 1l1-

IGwance ("c increaf"eu WIO .. er.t cap~city Que to t'.orizontal t.!U·UliJt 

gen rated by tri,tion bet~~n the ~ottom of thP ,:ab a~d ,t 

3'-'p~rts. If 1 t is a •• waed that the .~p~lOrt bear i.nq Ace 1 

'145 .. width of one-fourth the cle.lr spa" ndiup. the fle<urai 

ca;aeity of si.aply supported, clrcJhlT. C'<'mpo'Hte tlaba a 

given by 

where 

S.4f~hbd 1.lP.od O.6Pao~ 
Pt· It -+ --P.-- -+ --R-

2.7f hvd O.8Psod O.4Pao~b -r -+ --a-· -r-

~ • cff<!ct:i·,,~ depdl of slab 

Pf • un1~oraly distributed ultiaate ~04d 

~ • thickne.~ of bottoa steel plate 

R • cle~r lipan radlu5 

\Englut-

(8-:"14) 

(51 I 

':'h~vretic41 and exptriRlentoll lnvestigat.lo"s;:;t 

, 'ep s.4bs t-.ave indicated th ... t the ult.lma~e strenGth 0:<; tht:'sE. 

~Mbers is !Strongly d,~pendent O~, their she,u caFa;:i ty. fi".' ~ er

enee 8-36 auqgeats an A;:>p\:'oa::h "0 eval\.iciI.in,; the Shellt Cl.~,h~lt} 

of cORlpvsite lIIeltber:i W'hi..:"\ cOfCtlidera a contr Ihutl::J!l made 1)'0' 

t:he bottOl1l £Ote>:!. plate and t>,.e ,xnflnlr.g <:te"d. r1o-r. rf a 

1S 4sswr.ed that th,· crlU.cai seell,:" toc shear o\~Cl.;rs ~t \.1.':R 

from th ... Ii\.iFport.. tto! ..;lti'llate "hea. capacit} 1S gll/en tl) 

P ... <fy(1i ( ht- ) (h. ) t ~ 1 0 .rr - .. 3f ~'I -)' c ~ y k ~ 
(Er.-jlist\, 

(
hb) ,(h ' (h.) t) • 1 Hy R, ~ 24. 9.1~ -~J + 2.lfy --~ (R lSI) 

,$- US) 

7 ~'O 
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•. t-.e~ 

h
t 

t 

• "tlt.h of con~J:.te within the steal ah.ll 

thickness of the ~or.tining steel ring 

1!: ~~",l', 

Althouqh the range of appliCAbility of Eq., 8-l14 .,ltd 8-11 S 

to.,;). not been eat..AbUshed, it is recOIiIIIIIended that they k used 

for JVd ratios "f Le •• thAl'l, or equal to, 6. Fo::' kId ratiOfi 

91~ater ~ 6. it i. ~u9g~sted that the elosure De treated as 

a eva-way slab as nutllned in paragraph 8.1. 

8.11.2 Roc~i~t.ini:,gs 

lhe .tructursl configuration considered is 

shown in Pi9. 8-29. a compoJite steel ~nd ~oncrete liner. The 

fo~lowin~ procedurl for .nalysis of such liners is taken from 

Ref. 8' 37 where it ia discu .sed in qreater detail and "t'pEed 

to a variety of cor.ditiC".. The «'llllysh lllethod can be applied 

to boriaonul or vertica' tmnela in rock. 

A :.t.re •• conl:f>nt_rati.,n factor of '1,:orrespo!1d

ing t~ • circular hole rubjf~cted to equal compressive st."esse 9 

in two perpendicular direct~ons, i.e .• a uniform .tr~ss field, 

is assumed for t!.e analye:", It ia also .s.uaed that the steel 

lin'nq .ill behave elaatic-1'lastica .. ly, and. ·or strains be

yond yieldinq. the entire C1USS sectivn is s re.s~d t~ the 

yield point, 1.e •• buckling does not occur. The radi!l stresses 

~nd circumferential strains are assumed to be equal in the con

~r£':f' an:J steel at the intelt.ce bc'tveen th,., two liners. The 

SfU\Ie rel,-t.tionship is .SSUIle< fcr the interface bet..,een the con

("rett: ar,d rock. A conditiol of Wlitonil plane strain 1S also 

aS8uaod. 

Tne radial plessure ex~rte~ by th0 steel :~ner 

ag~lnst the lY'.ler surface ... ~ the (""Oncrete liner ir; given by 

h f 
~ • ...!.1 

ra r a 
(8-116) 
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"he I" • 

hS • thickness of the st.eel HOPI' 

l{ '" radius to insul.e of ccncrete linin" 

In the lnelal,tic riU.ge, the :ir:uroferE,nU .. 1l str·en'jth of tho: 0.0:1-

crete 11nio'J i .. '11 ve .. 'J'j 

..,here 

•• f' • k cr 
'~ c s ra 

k - tan
2

(4S- +- .;2) 
s 

,. a.ppar~nt angle of i.terr.al fri L)n of ffidt .. rLd 

(8-lL7) 

The factor Its !"elate3 maximu.~. and rninllnuro } I-l:lc.t.pal l:itrl~5n"s 1n 

t~.e liner material and, for cmcr€te, is 'i,o:--.erally tak.e. to be 

equal ~o 4. For IIIOst rocks, the value of k::; rang"!! fro!:l 4 to 

aboL:t 10 or 12 (Ref. 8-,,:,). T})e lnsltu vdlues cf "'5 for reck 

are probably lowered Jy the occu::-rence of ~".ints and ot.tler lrre

gularities. 

t-lIII th.:> prucedi'lg eCIudtion:; and Issumptiol.S .,1\{] 

a qiven strain vplu~ for th~ st~~l liner. the radial SLres~ a~d 

cirC'.1lt\[erentldl ..:traul at the irHildC! S.lrLh7t' of the cuncr(',e 

l:ner are estal:.'ished. Procpe<..iihi frem t"J~ pOint. ,",Slno apP"o

IJrJ.at.e p~operti.;s ')f tJ',,' mt.~,.Jll! in wt\lC~ ~,,:tt02S:S 'lod 'itrdl!". i',re 

be ... ng detenn1.n(.d, cc rreSl-endlllq q .. unti tl'>~; ,~aJ be deteI~lned at 

thoe interfAce between IjI..:;'C€E'dlng elemt'nts and, fln.'}ll~·. to it 

fUle-field str",ss. 

Ti\e ,1llalls1s r...,qul res f.'V,'1L; .. ,t 10n of t:"c' ,';:!,res

sions ~nvolving the dlffer~nce In fddlLtl <>".d Clr..:'U;l't"l,'nt Li 1 

stresSE'S at the POUlt 0f In.er~;t. Tt'f-sc- e~!;re,,>l()n- .11'-' re

lated to t:hp. elastic alhi inelastlc Idl1·.jes 

Ele ~~..:I: 
<j ,. --'2 1 - ' .. r - \ 

(El;.istl c~ (8-US) 

..,hen' 

S - eia3tic stress f~ctJr 
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where 

E - ..:MSullia of cala.h,city for .. ,11 .. of interut 

'e • circuaferential .train ~t polnt 
\I • Poisson'. rAtio for Jle41ua of lnt.rut 
or • radial .tresa at po:.nt 

v ~ ~u • t~8 - lIar (Inelastic) 

y .. inelastic atre •• fact.or 

(8-119) 

au WlCOl'lfinod COIIIpre.Eive strenrth of 1Nd1ua of lnter •• t 

,It tne value "f S is kno,m at a 'liven "adiua, r
1

, 
its value at anc.ther rad.&.t.La :an be fc..und frca 

;Z 

i 
r, \ 

s. -J 
'-'£2 ~2 -

"hi. :1? 

S • knOW'll ... 1_ of S 

r 2 new rat.tu. 

SiMIlArly, fo~ ~. inelast.c c~.e 

kl-l 
Ir2 , 

Y -2 
Y ( •. _, 1 .. 

• l' 

(8-120) 

t8-121 

~ere Y 1 ia t.be kn:wn va"..v.e of Y. If S 1. 9r .. ter than Y at a 

qiven radiu •• the (l')nditon ot tlle aatelrial 1. p1utic, and if 

it ia le ••• t.M cora!ition is .laat.ic. The boundary between the 

elAstic and inelastlc: reqi(.in. of the aaterial occur. at. a radius. 

r e , viler. S is equal to Y _ ft.i. radius can be fOUlld frO(~ 

k.H 

5 (re) f· r ~8-l22) 

..,here r ia the radiutl ~rre.pc>ndin9 to thAt known V~ lues of S 

4nd Y. At r - r e , the condition ia elastic ana ~ radi.l and 
.:;'rc1:"'Iferential streailkl1 .re bot!: equal to the unifo~ fr~

field strea.. ~en 

723 

at + r - S + ZOr - ZPo (I-Ill} 

where po. is tbe fr .. -fi.ld atresa. 

The fr .. -tie:~ .tr~a. can ~lao be det_:.lned 

fro. the value. of S and Y at r - r. aa follows 

vbere 

( 
l ) (k~ -1) 

r-+T c-+r 'a 
10 ... Ilfl W s· - (~) 

Itf 

k + 1 
8 

2~) 

(8-124) 

In tha in.~aatic region. if Y ia ~OWT. or car 
be deterained f~ Sq. 8-119. Tn the ela.~lc re9i?n, Vhe4~ S 

is known, ~r 1a obtained frca Eqa. 8-123 and @-124. :t Po ia 

io10Wft. Or can be obtained frca Sq. 8-123. 

In both the elastic and inela:ltic t"egiona, the 

circumferential strain i. obtained from 

1 - y 1 - lv '1 ' 1 'e - --£--l8 + (,.-:-dOr (8-125) 

In .u.mary. startin9 with an initial 9iv.n t~ickne.s of ateel 

and concrete liners and a .pecified VAlue o~ atcAin in the 

.t.ef.-l li,ler. t'l. correcponding tree-U.tlIld .tl ..... capacity '-_ • 

be deterained fro. the above procedure. 

Fiqure '-30 hoa Ref. '-31 c .... be used to fa

cilitate AnAly.ia of a liner. The data preaen~ed are for ka • 4 

and •• tre •• conc611tration tacj~or of 2. The abaci... in Fig. 

8-10 i. S ~n a l09ari~c acale. the ordinate 18 Y, al.o on 

a logarithJaic 1S.,,;.1e_ Lint' .• slopin9 up to the ri9Rt are v .. lues 

of re/r and-line. alopin, upw&rd to th~ left are. pAta.eter, 

Q, defined to be 

"u 
Q • Po + k .. -,. (6-126) 

7H 
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The scalec fLr Q and re/r are aiao logaritnmic. Above the 

lin. r./r ec;ual to 1 the beha"ior i8 elastl.c; below this line, 

behavior i.:l inela.tic. If ,. rand .- e are known for a radius r, 

tt~n S ~nd ~ can be calculated from Eqs. ~-lt8 and 8-119, ~ 

v.>int is thereby e.taLLished on Fig. 6-3'; Iothich qives value", 

~f r./r and O. If the point falls belL'tW the line re/r equal 

to 1, Po can be determined tra. Zq. 8-l~f and the radius at 

which ela.tic action begins can be! determi,:'\ed. If the condi

tions are desired at II different radlu6, c 2 , a new point iF 

•• tablishfld at the JaJDe 0 val",. and "hE' ;u~w 'ratio. re/r2, 

This point establishes values of 'l and S at t:l'e nt:'w r.,diu5. 

If the point falls i~ the elastic reg~on of Fig, 8-30. t~ 

v&lue of Y is not valid. ~ilt th .... v~lue of S is ,a.\W<lY' valid. 

If Y is valid, or can bP cal~ll4ted from Eq. 

8-119 since 0u and ks are Itnovn for a gi ',er'l<l. With 

or knowr, £8 can be dete!lllined fn:. Eq. G·::;: ,',1n9 Lhe n~.:;,: 

value c-f S. 

It the new point f"'is in the e1Jstic cegl.on 

of Fig. ij-30. or can be determined froc ~q. 8-123, since both 

S and Po are known. Equation 8-125 can th~o be u~d to de~er

JIlin(' EO' 

If the original polnt. falls in the elastl.c 

~eqion. Po can ~, determined usin~ Eq. 8-125. Poc ttis Clse, 

the initial vallle C'f Y i. not valid and ~() is used tc est~b

lish an initial vAl~~ 01 Q using Eq. 8-12f. This value of 

0, with S, estabUshes a .tar·~ing poiat for determination of 

par.~ters at other radii. In goin':l frum one rddius to anothf'!r, 

Q is alway. a constant. 

8.ll.3 Liner* With ~rushdble 8a£5£~£~i,~ 

e. !..~rod..:ction 

Anoth~r concept for compositP lin~rs in 

high presaure r~gion8 is shewn in Flg, 8-31. This co~cept 

726 



<.---____ ._. __ ~"-,,, "<#-~"" ... ,,.. ............. O,-~ ........... ,..... ...... __ ~,_-..._ __ ~~. ____ .... ___ ~ .. ~_ ••• ~ ___ 

I 
/ 

I 
I 

\ 
\ 
\ 
\ 

/ 

/ 
/ 

/ 

I'olIttlOft 

'( 
" "-
/L"'- · 

"'- --' 
_ Or l'~l rut 1 flock Face 

t~for.ed 1\0' It Face 

// 
.,,/" ---

/ 
/ 

I 
/ 

/ 

T. __ ~- -...,-. .... , .... ,,..,-,~~~~,~~"' ....... "'1-'U'O; •• ~ ... ~. """~""'~, 

is typically e~lJyed ~n rock ~~a. The ~ru.haole Dack

~~ckinq can be on~ ot sever~l ~terial8. ~.9 .• fo~d 

concrete or polyurethan~ fOM~. which have essentially 

elastic-plastic stres.-strain curves And CAn withtitand 

relatively larqe atrains before the onset of stCGln h~cd

ening_ The foll~in9 an.~ytical procedure 18 taken from 

a.fs. 8-38 and 8-39. 

T~e ba~~packing th~ckness must satlsty 

two criteria: (1) absorb enel-9"'i tra"'5l11i t ted by the S·.Cf"SS 

wave in the r.) -.• and (2) "'.eep th~, -:rushed rock f~om .... on

tactlng the structural liner. 1· it h k*S6wa~d that the 

atrain enerqr absorbed by the baclcpacJI;ing !¥LUSt. b~ at least 

equal to the atrain enerqy which would have ~~n abaolOed 

in the rock that ~~. removed t~ fOL~ the cuvity, then the 

ainiaua t~i~knQa. of ba~k~acking is given by 

where 

RO 

°v 
"0 

toy 

E 
r 

( 
o 

h "R 
P 0 

/ 

(1 «( - 2f \ I 
{-----. --'--.---_ .. -~ 

I! I' ~o,;;-C I 

• radlUA of the undefonlled cavity 

- yield stress of the rock 

- yi~ lei stresa of b- ~k;.ack ing matet' ~ a 1 

w yield .traln of the rock 

(11-12-1) 

- peak direct-induced ~adial strain (eq. 5-75 

and Eq. 5-56 ~r 5-65) 

., limit 0' I'~rain ;. back;">ackinq before strain 

hardening oc~urs 

Figure 8-31 ;\sswr. .. 'd ;)efornHltlon of Rock face. Liner and B.!ckpaciunq 

Equation 9-1">7 neglect. the aaa11 elastic deformdtlon of 

the backpacking. 
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The iiealiz~ ~treas-strain curve for 

rock can be obtained fro. an uncontined ca.preaaion 

test 3i~tl.~ to that used for conrete. One tec~ique 

for obt.ainil'l.9 an idealized elastic-pla .• tic atrea6-strain 

,:ur.ve frOlll such t:esta con.ists of ad1ti.~inC) the yield 

stress for the ideaH zed curve so that the at:t'ai., e:1er

'ilies, represented by the area undel tt e ideaUzed and 

real .t.re •• ··.tra.ln curves, a~. spproxiaately equal at 

the atrain ' ~el of interes\;;.. Sir.:ilarly. ar idealized 

stress-strain curve ia ~equlred for the back~.cking. 

Repre .. nutive idealized CJrvea that aiqht be obtained 

are ill~trated in Fi9S. 8-32 an~ 8-33. 

The eati~ted inward di5placemen~~ ~i tne 

rock surface sh!>wn in FiC). 8-· Jl ar- ~~en aa 

a c LC~O (8-128) 

i) ~ IOOf-rRo (S-129) 

if b is tound t~ be 9reater th ~ £.o~. bulkinq of the 

rock controls the r~ired backpacking thickness. In 

this case, hp IllUst be _de larqe enc,u9h to precllllie 

ateah.i'lg the backpackiDq into the 1II ... .:!tin-b..rdenin<,: 

region ".:Iy rock bulki!"q. 

The inw.~d aotion of the rock will imr?se 

loads on the liner that can be represented by the 104d 

~unction ahown in Fig_ 8-25, 1.e., Po - q + pcos2e. So 

ion'i} as tn. backpackir,g is n:.t defor.ed into the straill

llardening regio;" the peak pees.ule that can 00 Laposed 

0.1 U'u! liner is 

Po = q + P - 00 (8-~;OI 

w~re 00 is the yield stres8 or the ~ :kpackir.g. For the 
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Hner detlecU.on., x, ahov.l in Fiq. 8-31, the net atrain 

in the backpackin9 .,111 be (b - X)/hp along the noruOll

tel axi. an4 (a + X)/hp .lo~9 t~e vertical axi.. ~he 

a".rage of the pre •• uros COI:£." •• poncU"9 1:0 these point 

ia the unifor. co.ponent of pre.aure, q. and the differ

ence fra. the averAge- i. u,. nommitona coraponent, p, 
a. illuatrate4 in Fig. 1-14. 

'!'be f1rat a.:.ep ~n the delJi911 Io't:oce •• con

.iat. of 4eteradninq the properti~a of the roc~ and back

p~ckin9 aatarial. Tt ••• properties are prefer6bly dvter

&toed frQ& experu..nt&~ Jata; otherwise they aust be a.·· 

.... d (.ee 1'198. 8-11 an'!'! 8··33). W.itb ~he&eo properties 

an4 the require4 fW\~ionAl .pace envelope dehn~ by 

ai' the required r.~jr cavity radi". ito toX" the threc.t of 

interast i. eatabUehe4 on b'lC! batJ1. of Eq .. $-117 or: 8-129, 

Jepen4ir.g upon whether cr not bulkinq of th~, rock: c .. .mtrol •• 

A trial liner .ectic-n :.... selecteeS an4 all int~rac.tion dia

'1r .. plotted in tar.s of q an 1 p. Net strain in the bAck

pac).. Ki 4ue to llo4.er Qe\.loction and aU.·111tc.ble a-::.ra.in in 

backpacking !ll'8 to lirwr detlectic.r. ar. olotted &. f'\Dc' 

tioDl!lQf P ber.eeth ~bt :,.' - P Intttract.iol d~ ~'!f' .• 1\. ~·tit. 

'!IOat ecc AOa: <:al aectlon baa "m found ";UIln the inter

secti.on of the ~redlcte4 an4 allowable pack~ckinJ auain 

curve. 4ue to liner 4eflect.ior corr",a~!'d to U.E" illlov

able p ha. the q ~ p lonterAction 4iagr.~. '1' ••• fin..l 

atep 18 to cbe-::k the po.sibility of bucl<hng of th<3 Hner • 

b. Reinforced Concrete 

For p:k'eliJftinary d~ai9n or A:-talyai., the 

liner can be c.i-=,roxiNlte4 a. a beAill .ub)ec".e~ to ,\ bend

in9 __ nt and An axial ca.p.Q •• i ve loed" It. h,nqth i. 

taken aa one-fourth of the rll',g cir~'UJBff':rence. Interac

tion diQgr~ auch a. F\q. 8-20 are used to facilitatu 
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the proce.... In Qrde.l' to siJlpUfy the illitial ealcuh

tiona, the thruat due to the ~ouunifcL. ca.ponent (~) of 

load ia naqlect.cS. 

- 2 Usinq Pu .. qR and II ... f'u{!' - pR 13 ~loll9 
wi th the .xpreasiOlu f~"C r and r' frOJll Fio;,. '-20. q and 

p can be defined in ~e~. of the pr~rtie. of ~ rein-

foroed concrete iiner, 

rtf~ 

! .•. # 

where 

q • ifl"+t72 

.. - Jf't2f' c 
(P.

i 
+ t/2)2 

t • the thickr.ee3 of the liner 

ai • bifid. rladlu8 ~! Uie lUler 

(8-1.'0) 

(8-131i 

A trial thicl"' ••• CO" be obtained by 401vin<:j Eg, 8-13!) 

fer t takinq q equal to the yield .tress of the backpack-

1,"q and a •• ".1n9 a ,. alae of r. 1. e. , 

qR i 
t • FfT-::-qn 

c 
(8-132) 

A r of 0 •• 5 or le •• i.;; sugge.ted in order t(" keep Pu 
belt"" the balance p-Jir.t and avoid bril:tle failures. It. 

stf'Jel r .. tio ia then ,.uiawaed (between 0.005 anc 0.02) an<1 

eon.=rete Pl'O ~ectiOl1 for the reinforcing deterlllined in 

.,CCOrdiince with Ref. 8-12. Ifit.h this latt;:~. st:ep, it is 

now poaaible to detel"llline tl!~ .lit rati.L> and select the 

.ppropri.t<t interaction .iiaqr .. from '.~g. 8-20. The 

... ... ter.etion di.gr .... i. then rep1ot:t<"td HI t~rlllS of q ana 

p U.in9 Eq •• 8-130 and 8-131. The ii!H' (, + j:. ., 00 .howT: 

i~ Fig. 8-35 repre.en~s the upper li.lt to the combina

tion of q and p allQNlllb!e for the lIelected backpacltLlg . 
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Next, .train. in the backpacking due to 

defl.c:tif"m of the liner are calculated. EqWttio"o 8-93 

can be ... ritten 

x 
if-

i' 
(8-1ll) 

Tn. value obtain£:d fraa Eq. 1-113 cOl're~nda to p when 

q • 0 'a. Fig. 8-35) ";lnd d .. f1nea the backpackinq iIItrain 

due to deflection of the liner. Allowable .train ir. the 

backpacking ••• function of p i ••• tabli.hed by conaider

i~9 total .trai~. in th. backpacking and the relation (sea 
Pig. 8-lf) 

q - p • a 
p 

........ " Cfp • I.*). .la the .:tr ••• in l;.~. Hckpackin9, Ep is 

tho ~ ... i)t.la.ticity an4 cp • (a + aJ/b;:o' the .train 
in u.. baCkl*c:kiag. 'fbe -.oat 4ICOIIKaioal section toea been 

touad ..... tbe w.. U •• ahowJa in Pitl- 8-35 int"enect 

at point. d. 

Tt.e lihal step is to cbeck t:1le buc/(l1.ng 

st.rength of t.be .. ction to be aure it is .~ least equal 
to 00 and verify tbat the .ection can car.ry the ddoitionel 
thrust due 'to the nonuflifota c"'alQnent of 104j and ,"eaain 

in t.tw !Suet .. le r;eqiOft of the interaction diaqr ... ~ (curve 
e-f in Fig. 8-35). The llare rat.ional exprea.ioc,,5 for be

havi.)r ot the section given in Par:aqraph e. 9.4 car. be used 

wh~n .or. pre~i.e analyses are r~uired. 

c • ~.l_J1_1!!!. 

De~ign oi =~~e\ liners with cru.habl~ back
packing can be accomplished with the .~ basic procedure 

outlined above for re~ntorcvd concrete linti~a. Buckling 

of the •• ction, however. vill almost. ~l~"'ys be fou-I,d to be 

.are cr,tical than for reinforced c :mr::rete aectioi'S. 
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Properties of the bacJq;.'ACking and t.ha 

surr0un41ng lMdiua ~.t be known or •• auIMd. DutoZ1llll

tioa of the cayity and ~ required backpacking thick

ne.. are deteratned •• preyiou.ly 4eacr lbe4. ili,xe 

bucklin9 of the section typi~ally control., it i. sug
ge.ted tbat a trial aection be .elected on the baais of 

Zq. 8-7' with qcr • 1.2500' where 00 1. ~ckp.ckin9 
yielc! .tA... Far P'lrOOHS of illu.tration. tl.e foUow
in. d1ac~10n "ill tk. in term. of a st .. l liner of 'lni

fora thicJ~ ••• 

T~e .a.eot of inertia of a rectanqular 
cro •• aect.ion of uni.t ,,14th i. t 3/12. Accordingly ~ 
tri.l tbicltrle •• can be found by 

t • a
1

(50 /8 )1/3 
o • 

Aft_ .. lection of a trial thickne •• , It - 81 + tl2 
ahould !Ie WIe4 ~Il a~t calculaUOIl •• 

Taking :u.x,\aua ..x1.1 force and ___ tat 

(8-114) 

froa !qa. 1-74 and '-76 &D4 the thL~.t and. ~t capa

city of tbe .ecti~ .a .r - tyt and Kp • frat re.pec
tively •• e can write (for. rectangula:. cro •• -.etlon) 

p -
p- .. ~~ 

Y yt 
(8-135) 

M .-,,2 

Mp·~ 
i 

(8-136) 

An interaetLon diagr~ such •• ahovn in Fig. 1-17 can 

ftOt be COUtlu~ed in ten .. of p aM q. The valu.s of 

p .t point. b and c (Fig. 1-17) can ~~ found by setting 

Eg. 8-136 ~ual to ODe, i .•.. 

3f t
2 

pc·~ 
4R 
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... "',..,.,.,... .. -.- ~ .... -, ..• ~. 

(8-137) 

~~.:',:;./t;~ ...!t.~"- ~.:::-.;;., .• " 

,.he valueo of q at point b HI fc;,uud by set t l.ng Eq. 8-135 

equal to 0.15 a.'ld l':ling the value ot p trOf'\ £4. 8-137. 

f t ( t ') 
qb - -l- 0.15 - iR 

At point ., p is aero and P/Py .. 1. whiCh leads to 

q. - fyt,'R 

(8-l3S) 

(8-139i 

The three points thu. det~rmined are connected by stralght 

lines to forn the d.sign q - p jnteraction didgrdro shown 

qcalitati"e1y in Fig. 8-36. Tbe aUo..ab.le bockpack ... ug 

atrain versus lil~r defl~~tion curV$ a6 3 fLoction of p 
i. conatructed A& described abov~ foe the r~!~forced con

crete s.ction. Backpacking atrain due to l:lner def ... ection 

•• a fWlCticn of p for q • 0 c.n be found feom 

r!-- ~~ 
P 3£ Tb a p 

(8-140) 

Aa before. the lIIe.t 6.conomical a<tCtion ha;, bee, found 

when the three li,1811 intersect at. ['Oint. d a .. 11 lustcated 

in Fill. 8-36. When IDOre detailed analyses ere rrqu )'ed, 

the procedures outli~ed in paragraph 8.9.3 can be em

ployed. 

Suitable steel liner. can be designed 

with 4pprecia.b1e SAvings ot metal by cor!tLderinq ::;tifl'en

ers, wide flange sectivns. etc., whish \nCC4:ase the bloC\;;

ling stability of the section without apl-reciable 1055 4', 

strength car>ability. The pr-ocedure O.Jtll,ned ,~.bove wOl.lld 

b"! applicabie, ~ut t.h.~ expre~aiOljS become [OC'H:! cum.bcrsome. 

e.g., the expresaior.s for I and Z are nlOre cOlilpl.cated 

than the simple functions of t applica~le tc rectdngular 

sections. 
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1.12 U.a.uaTM'I'IW EXMPLU 

I.U.1 Cl~ur. In ... tiiatjoa 

t.. GIVah A CCIIPCHt1t. c10.ur. such a. U?VO 
in Pig. I-ZI with tbe foll~1nq properti.s. 

~ - 1.0 in (2.5t cal 

d • C'.5 1n (1.Z6 .) 

•• 101 1n (2.7C .) 

h t • C'.O in (1.22 .) 

t • 1.0 1n (2.54 em) 

fy • 40.0QO psi 
(~7 .600 M/Clli2 ) 

f~ • 175' pai (.~.O M/eal , 

b. PUllh 'l'be capac:1,ty of the cloaure 1n 
taratJ of a un1foraly 41aL:1INt4d 10&4 a&:I4 tlu pr(lportiona 
of a two-way r.1llforcecl concrete alAb t.o carry the .. _ 
load • 

c. SOLU'l'IO'" oat.erain. t.be ~ caJ.''''c~, ty ~f 
the ~.1te .l.~ .. Wiven by Iq. 8-115. 

P • (2)(40,000) (1) + (10)(1750)1/2 (4') + (3) (.o,OGO)~ 
• 10. 101 (lOB, 

Pf .. 

lCO + 116 + 4'4 • 2050 ~a1 (lC10 ./cal ) 

Det.e~ne t.be flexural capacity ut the co.poaite .lab 
a. qiven by Sq. '-114 taking Pao • 2050 pai • 

.1!:'1 (40,000) (1) (tI.S) + (1.1) (2050) (48.5) + ~.61 (lOS::!) (1) 
(108)2 108 108 

•• ,' + 1010 + 11 ~ 1920 na1 (1320 N/ca2 ) 

r.~.ite a1aba of the .. propo~tiona Ar" 
generally qoversed by ah~.r rather than flexural bfthavior • 
.a .att.ate the capacity of the given alab aa 1000 pai 
(1310 N/c.2 ). 

To 4eteraine the proportiona of • replace' 
.ant two-way r.inforc~ concr.te alab. take the closure 
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... 1ap11' .\IIPPOZtM ... eo"".:sq. ''''''0 fozo 4 wltJa Pc • 0.01 

Cp. • 0). 1 •••• 

0-
pfA ~ 000 10. a r a ]1.a l/l 

lS It yl'c • fC5J. ho,UOJ CtlU I 
4 - 104 la (2.' •• ) 

A .~ of ur. .... propozot!c-Aa (LId - 2.1) 1. ~doll81y a 

"'p .lab ... exceedlli9lJ' .. Ukely to taU 1a fluure. 

'l"berefoH ... -::iJlAte t,.bf; .lab prOl-QzotiOAa ba.-.cI OR ehaar 

1a deep .!.abe .. CNtl.Jae4 1a paragraph i.7.I.b. 

Bq\1.J.tioa .... 1 can be writt4m 1D tera. of 

~. the tot.1 .lab depth ( ... Fig. '-22) •• 

h-
2ap. 

fevl'l! + p. 

TakiDCJ C. • } 9 lead. to 

h - (2) (10') {2000) .65.0 La (1.65.) 
(4}(lt)(17S011l2 + aooo 

ca.lcul.at.e •• U.llt&tec:I zoe1Df~t ~ eolvintjl Eq. ,-c;o for 

Pc tAkJ"9 the alab •• a~ly .upportecl and the effect.~ve 

depth, 4." 62 .La (1.57 .,. 

p .a l 
p _ t ~ (20~01(101) _ o.oal 

c;: 5 •• fy42 (5 ... ; (40.000) (62)2 

The 91 -,.n c0r..,>o.ite alab with a total depth 

of .~ in (1.24 a), ~,~ •••. apacity of about 2000 pai 

UlBO M/C.Z). A two...".,. Hinfol"ced concrete .lab with the 

0 ..... ~e1ty WOl.;ld h&".. • totAL depth of is 1D (l.6S.) 

aDd • reinforce-.nt: ratio of 0.028. ft. at ... 1 would typi

cal!]/' be laid both w.ya and in both f.cea 1n anticip41tion 

.-;.t rebound. 
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' • .12.1 .uri·~lJ~r Behllyior •• • Function of 
~~~.ure 

a. GIVDh A buried cyliDci6: ot .milon! 

th,lckAea. aDd ~raeoua f'l •• tic-pbatic .' tedal W~ tl1 

a rad'.',ls-to-thiclcneaa ratio. IVt. uf 10. 

11. PIIiroI The 1064. to c: ..... _ t,:01i&pae of the 

CYlind.~ for coefflCieDta of lateral e41t~ preasure. Ko' 
of 0, 1/4. 1/2, 3/4 aDd 1. 

c. SOLUTZOW: Consider fi~st t~~ lo~~n9 
functkr. shown in the follovinq ak:tvn. 

'j~'j)"'1 

':0"" ~I .. I ~ .. p 
0" 

f , t t fp! f f f1 
Expre.sions anal090ua to ria. 8-7. tl~0~9b 6-76 tor the 
above 1000dinq C«.u t» .~ to be 

Pe ~ PyR(KoCOs2
ij • Sin2e. 

v~ • -O,SpyRll - Ko 'ain28 

Me • O.25py R
2

(1 - ~o)eo.2e 
Consideri(i9 Duly olle quadrant of the cinq on t.he w81a of 

ay..etry, the four-hinqe ~~~ni .. discu •• ed in ~aragr4ph 

1.'.3 18 represented by hinqes at 8
1 

- O· and 6
2 

• 90-. 
The ~.vin7 mode .e~tioned in paraqc.ph 8.9.5 would be 

repreaented by ~inqe. at 81 - O· and O· ,8
1 

'9~·. Hak
in~ ae ~f the criterion (~l. 1-32) 

Me (Pe)2 
~+,-~ ,!,l 
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wh'lce MO i. tbe ~nt cap.a-::ity and Po the thruat CApa
city of the a.'tCt:inn in the ab.ence ot other forcea, the 
fo.Hawing expret:.~.)r$ for collapse of the .:ing can be 
("oi!cived . 

I"JV ) 

\0;1)0' 
12(K

O 
- l~ 

;;;r:-;;-:-i !. 4 
o 0 I· 3(1 - K) J2 

251:
0 

.... K
o 

0, .. ; ... 
2 (t )2 

251{2 ... 61{ ... I R o 0 

Pv \ 2 (I(o - 1) f-----i--:.-K~- ---~ 
( - I • -::l"--- ... I I °v ~. 5° Sit ... 21( ... 1 - .J L5K2 ... 21t ... I • 0 0 , 0 0 

... _ 2 (t)2 
! _2 • • ii 

'Py \ Ko - i n[G lCo l2 
2 't)2 ~C'y J90" • ~:}:'l K! ... I ... ~!7lhr 

The f;ubscripted an9'uhr valu~.den(t~!. Ylilues of "2 and 
"y is the yield stro!sa of the ring materitU J.~!he pre
ceding equatio~. Negative vAlu~a of tbe abov. 81uL~ 
t.lons indicate pv to be oppos.i to"! in direction to that 
assumed. i.e., tenaile :ather .. ban ~ompre.aiye external 
pressures. 

It is of i'lterest to Attf"~pt a compari
son of the collapse loads fr'.)lIl the load function abo .... e 
(Load A) ~i~~ thoae of the load f~nction shown in F~~. 
8-25 (Load Bl. Interaction eq'.lAtions for the q ... Pc0826 
!.o<'uJ 4 .". ':he as follows. 

C
2 

.. .i!\o: 72q2 - 36qp ... 720 P ... 5p2 _ 7202(t/R)2 
Y Y 

62 '" 45°; liq2 6qp ... 120yP ... p2 D i6J~(t/R)2 

'2 90·: 9q2 + l~OyP + p2 • 90:(t/R)2 (Eq. 8-84) 

The va.ues of p and q are related to each othe~ by Eq. 
8-96 (or the ~arious values of Ito to solve the e.pres
sl.ons·above. 
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The precedicq equation. ~. solved for 
the qiven value. ot ~o and the result •• u..ari%~d in 
Tabla 8-5. Several point. ar~ apparent from thea~ re
sult:a. 

• The Ko - I condition (hydroatatic presaurel re
quire. by tar the largest collap.e '~ad for both 
c.se •• 

• Lo4d ca •• A results in lower collapae loads tor 
all VAlues of Ito 1... than one and for All £ail
ur£ .odes. 

'. '!'he 82 • 90· aecl .. nl .. haa rhe l~.t and the 
82 • 45- the IUqb .. t collapse load for bo"~" lead 
CAse. (inv.atiqat10n ot 8

2 - 15·, 60· anc 75· 
gives reaults greater than for 02 - 90· ~nc less 
thM.i'l for 82 - 45-). 

Ba.ed on those results, a ~aving mode of 
failure CL~not ~cur, i.e., the ring fails in th~ 4-hinge 
.. chani •• (82 • 90°) bafor'" the pressure re.c;bea 
the value required for A caving node of tailure. A peaaible 
explanAtion of the fact that aucb failure. do oc~r ~i9ht 
be that the aurroanding soil ~ncreases ~be aoment ctpa-
city at the epringtine (8 2 - 90-) either by lenjing the 
.-etion greater stiff:1e8S or forcing the bet.aviu to'ttard 
Ko • 1 behavior in that Area. Another gener41 result 
whicb should be noted ia the effect on the collapse load 
of any nonuniformity in the Applied pressure. 

8 .... 2.3 Liners ~ith Crushable Backpacking 

4. GIVEN: A rock ~'dium represented by Fig. 
8-32 and a backp.-ckinq .. terial "'ith propert:.ieB as ;;;hown 
in Pig- 8-33; a threAt chAracteriz~d by a strain i~ the 
rock of ~r - 0 0025; a required inner lin~r radius, ~i' 
of 16 feet H.:!8m). 
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b. FIND: Sultable rein~orced c(ncrete and 
l 

~teel liner. baaed upon t~ • 3750 psi {2586 N!ev. 1 tor 

the concrete and ty • 40,000 (2;,580 N!~121 tor the re

inforcing ateel And the .te~l 8~clion. 

c. SOLUTION: Firat, esti.:tate tJ,,,! th ... ckness 

of reintc.);:ced concrete liner required witn Eq. 5-1 }2; 

aiet q equal to the backpacking :,leld st.rEUHiI, co' ,1Ild tal<.e 

r a. 0.45. 

( .50) (192) 
t • n-:CTI'[l750} " 15072 

t • 11.9 in. Ray 18 in (45.1 ~) 

The radiI •• to the cutaide of the liner thus becomes 192 

+ 18 - 210 in (5.33 ~). 

Next. determine the required radL,:,;. Ro ' 

of the rock cavi ty and the thick:1es~' of the bad:' ·a..::1<; ing. 

h
p

• Rewrite Eq. 8-127 as 

h 
..£. 
Ro 

r"'OT£-=-'2(3 
! ~l + y 2~ ~ r 

o 0 

• 1 "l~.LOOO) (C.002-=-(2)TO:'"O()25Tj 
- V (2) USbno:sO) 

h f- • 0.225 
o 

Check thia value &<Jainst ,·.he rock b:Jlking req'Jirem"n, 

(Eq. 8-129), Le., 

lOOt: R < 
r 0 -

E h 
c. P 

~. 
Ito 

~ 
ito 

loa( 
> r - -(--

o 

(loa) (0.0025) 
0.50 

:- o.~oo 
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It ia ... n. tJ\t'refore. that bulJl;n~; of t'" rock controh 

.n..i the rock ,:.yity raJ; ua .'at boa at l.a.t hie. the 

thi.ckn ••• of th« bac~ckiR(i' Therefore. 

~ • fl.i • t + h 
p (and "P/Ro - 0.5) 

hp • 210 1n (5.J3 ~) 

Ro • 420 in (l~ .• ' .) 

Con.truct • q - p interaction diagr ... 

For the first trial. .et 

Aat 
Pt • -rt • 0.01 (p • 0.005 e.ch face) 

d/t - 6.'5 (d • O.~5 • II • 15.1 in ~r 38.' cal 

f 40 OM 
- o.J!rr - (0. #sf l3'mj' .. U 5 

c 
a 

pta • (O.Ol)(12.5) • 0.125 

Substltutinq various quantities det.rained above in~o 

Eqs. 1-130 and 8-111 leads to 

r (lSI (3750) 33'" 8f 
q. 192 + 9 - '. 

p _ I:i~)~(3750\ 
(192 + i)2 

• 'O.2f' 

These exprea5iona are aolved by picking a~ aaoy valu •• 

o! r anrl r' &1'1 needed ,'loa the Pt" curve • O.l •. S of 

Fioj. 8-lD (b) to COtlaUIlct a aeaningtul q - p interaction 
di.· ... _. Ivr ;-::;~~J.!" 

Point .. 9 .. ll!'.a:, __ f_'_ P - '0. ',:: 
p '"' 0 0 0 0.043 l.t ... 

(arbitrary~ 0.1 B.t; 0.084 7.6 

(lH'l:-it.rary) 0.2 67.2 0.116 10.5 

iarbitr"l"} ) 0.3 100.8 0.136 12.3 
8lt..I. Pt 0.46 154.5 G.l43 12.9 

M • () 0.95 319.0 0 0 

Hi 

~ae value. are plotted in Fig. '-37. 

Now conatruct the cor~.apondiD9 backpack"9 

.train : tlteraell-On di39raaa a. a function of p. The 

allowable ~rve i. independent of the liner. per n, And 
1. conatructe<! ./1 follow.. For p • 0, tJw lin1r '>'.A. no 

deflection and the .train in the backpacking i. taken a. 

that due to t! ... IriOV-.nt cf the rock fA~. a ( ... Fig8. 

'-31 and '-34). 

c _ ~ _ (O.00a?1(420
' 

• 0.005 
• Q p 

The -axiaua elaatic .train for the .elected backpackl~q i. 

0.05 (a .. ,1g. 8-33). Therefore, the r.xiaua allowable 

strain due to deflect· >f. of the Hr.:>:' ia 0.05 - 1.005 .. 

0.145. Plot p - 0 .-nt! x/hp - 0.045. TaJr.e an arbitrary 
value o~ xIh., oay 0.015, and find the corre.~ondia9 _ t' 

value ot. p. 

Cp - 0.035 ~ O.O~~ • 0 04 

(Jp • £p€p - (1000)(0.04) - ~~C p~i (8;.1 H/cr
2

) 

·1 - P • 120 pai and q + p • 00 ,., 1'50 psi 

- 2 P 15 pai (10.3 N/cw ) 

Since Lbe allowable atrain functl-on ia a .Uai9~t line. 

the two point. thua det.~1n4d are auf!icient tc plot 

the curve. 

For the ~~kpackin9 atrain versus l.ner 

de~l.ction curv •• pl)t Jt/i: .. 0 t"" p.O. At q • 0. 
- 2 P P c 3.9 pai (2.69 MIca). With Kq. 1-13l (a lin.ar 

!unction of dJ. 

x~ ---1!!2 + 't 2 
_ 0 010) h • TIlI5T{15.1 t2f1fr . p 

The co.bin~d interaction dia~ra.. thua iet.rm~~~d are 

ahown in Fig. 8-11. 
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• 
*~ 
JCK) 

i q • I' - 00 

i 
100 

o psi 

0.03 

! • :J • 
0.06 

Fiture 1-]7 IRterac~lOft Di.9r~ toe "lnforced Concr.t. 
LiHr • ....,1. 

7., 

, ... ~ , ... .,-_ ..... ""~~·O;""'A',~\.~,·.'¥' 

//"~~:' 

·c 

A4 .. y be •• en ir Fi9. t-37. th. trial oec

tioR i. r.a~nably •• tl.tactory. Estimat~~. bucklinq 

at'.ngth of the trail .<ctlon with E~. 8-79 

• (ll)(14S)l.S(37S0)1/2 .. 3.5~ x 106 pc', C:?42 x lOti N/c.h 

1· 1 iA.t • A. - II'.Ol) (1') - O.C9 in
2 (0 ~s c.;:2) 

p 

Ic 

C1cr 

• './a - 0.09/15.3 • 0.00' 

• (O.S) (lS.3)J{(S.S)(O.006) + O.Oali - J07.7 in
3 11 (3404 Clla } 

• (~) (l.S2 x le') (207.7):(201)3 • l7c. pal (186,2 N/ca::2 1 

qcr > °0 <?~ 

'lh1l a"aly,· •• a..ay ~ c.)n1.,tnu..c uti!ial.Dg 

.c>,.. r"fl.ne4 r cocecSurea deacriued in the text to the ex

tent neeer.cry for the p&rt.jCUl~l·fI ot thti pLubl .. ot 

intere:st. 

To •• L.~t • aoli( &~eeJ liner, beqin with 

Eq. 1-1!4. 

I 
lV3 

t - 192 ~~'l • 5.611, Sd.y 6.0 in (15.2 CJIII 

2.9 x 10 

Leav. the rock cavity) ,.dlU., Ro' equal to ·120 in (it. 67 .) 

a. previou~ly dete~ined. Tt~ bac~p4ckin9 thickness be-

COlMa"; 

hp •• 0 - -1 - t - 420 - 192 - b ~ 227 in (5.64 m) 

Constru::t th6 q - '} interaction diaq.Am (Lola. 8-137 

throu'lh 8-139). 

2 
P _ (3) (40,OOO) (61 __ 28.4 pal (19.6 N!cllh 

c (4) 0,51 2 

(40,000) (6) r 6 . J'.. J 
qb - 195 0.15 - mlr9~Y - ll~ p.l (120.8 N/CIII I 

qc - (40,~~~) (6) • 1231 pal (84~1 N/clfl:l , 

150 
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The .1~ow.bl. backpacking a~r.in curve due 
to liner 4etlectlOft i. con.t ucted in the .... C.ahion •• 
for the relnforced concrete li~l.r. 

• (~.0025!(.20). 0.0047 
t • ~ • - II a p 

AlIOWA~le (p • O.ns - 0.0047 • 0.045) 

ip • 0.015 • 0.00.7 - ~.Q~t~ 

vp - 1]000) (0.0)971 • 119.~ pai (82.1 N/ca2 ) 

P - 15.45 y.i (10.65 N/ca2~ 
U.e Eq. 1-140 to find tt. atrair. in the ~.ckpackin9 due 
to lU\e&r deflection as • fllnction of p. 

~ (4) U"S)·, _. O.OOlHp r- - 7 3 np (3, (2.9 x 10 : t6, (222) 

The coaOlned lnteracl:un di&9r~ .re shown in Fig. 8-11. 
T~e trlal section .pp.~rs somewhat overstr.ngth •• alqht 
be C1Xpected s.\.lce it '''.is pro~ rtionet1 on the baaia of 
.tahility rather than atrenqul. 

Fvr & aecond trlal. inveat19ate the hollow 
section .hown in tl~ following sketCh. 

r-

'iollow Steel f.H • .,l "",etlon 

75. 
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'takiNJ b t and b • t/l0, 

A/t .. 1l.2If; 

lit - O.04"'t
1 

The anul~fOu •• ~ ••• ion tor Eq. 1-134 fcr these value. 

of area and .a.an~ of inertia i. 

t. I" k 11/3 R11..2 
• 

t - 1921J~I.1) (l5~) )lll . '.96 •• ay 7.0 in (17.8 em) 
2,9 x 10 

Siailarly# ",it:1 lIt - f).IJ't2 fro. Fi,. 1-16. 

f t 2 2 
~ • ~?.Q.l..i2.L~ • 16.3 pd (11.2 tl/c.h 
1.15R (3.15)(19S.5) 

Pc 

~ 
~t I, t j (40 OOlliIll 7 I ~i 10.1.!, - r:-rn .. ~!f5":"5T0.126 - (3.15)(195.5) 

~ - 54,7 pai (37.7 _/ea2
) 

q. - O.28tfyl~ - (0.28) (7)(40,090)/195.5 

q •• 401 pai (277 N/ca2) 

r.h. alloweble backpacking strain r .. ~in ••• ~tia!ly the 

• .-0 (hp a 221 in versus 222 in prev10US4r). For the back

packing strai 1 due to liner deflection., 

- .. 4-6 • ~__ _ (195.5) P, • IJ.OCi16Sp 

~ 0.402£ ,'h (0.402) (2.t • 107) (7,'"(221) a p 

'!'he ~ined :Lnteraction diaCJraa. for the hollow section 

are aLso a hoWl , in Pig. 8-38 and imUcate th,' .ection should 

be ~~hat .t¥onqe~ tor mo.t efficjent utillzation ot the 

... leeta ~ ~ekp.clting. 
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SECTlor IX 

DYN»:~C Jtl:SPO •• Sl': OF l;TRUCTUHAL S'tSTEMS 

'.,1 INTIiDDUC'rlOH 

Moat r .. l aUIlet.urea are very cOlr.plex :.n their behavl.or 
even under atatic loa·:1s and U ... ~A~ reapons(~ to dynamic load. 
ean in~lude additiona: complicatl.cns due t.o various combin
ation. of elastic anl i~ela.t.ic vibrational mod0&. 

Th'l! usual apprvach to deteraininq the dyna.mic roe.ponse 
of a t>tcuetur~ or .t._·uct.ural ele_nt to 80me specific loadi!lq 
ia to tirat .odel or refre.ent the structure ~s a ayat~ of 
finite structural .lelllel\ta and Il10 •••• connect·:d together a!" 
• diacret. nuaber ot nodal points. If the force-di8p14c~~nt 
l:"eiAtionahips ar. known for the individual eleoents, variou8 
.. thods of structural analyais C4m be used to study t',e be
havior ot the a.aembled st.ructure. Moat .tructures are made 
up of be ... , qirJera. colUMnS, slabs. plates and ahp.lls. witr 
.ach of th ••• element. havlllq distributed mass lind atiffnes8. 
If certain &.8I.U11ptio·18 ~re made reqarding at.l.ffneSiS of con
nectiona, lUMpinq of ~8se8, stiffne.ses and applied loads, 
it i8 poaaibl. t? r ... pla'e these structures ard IItructur .... l 
.l .... nt. with ~Iliv.lent !'Iyatem.. The accul~cy of t'le. atruc
~ur.l analy.i. ~ependa lar9.~Y upon the acc~racy of the a.
.-.plient .,-de in obt.aining the re:;,l.ce ..... nt system. 1 0 gel' 
er61, the IIOre cOlllPlex tn€ st.ructure, the gn'lIter ... :.e nUL~r 
of indiVidual el.naents required to Accurat:"J.f describe ita 
r •• ponae. 

Figur. '-1 .~:rl,,, three simple atru·:tur<;!s And t.ilree PO!l
aLe!. r.pr ••• ntation. a. idetlized spcing-mass 8y.lem~. Ot.hel 
r.preauntations Are possible and the one chosen should sati~fy 
tbe data and accurACY l'eq~ired of the anAlysls. In these fiq
\,lr~s F (t) ia the ext.rnally Applied lOAd. "" 11.' the JllaSS of the 
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.tructure. x i. the displ.~.-.nt cf the .. ~. and k i ••• prinq 

con.tant which i. deter.ined fp~ the pro~~t~~. ot the ~truc

ture. Th~ r •• pon.e of the .prinq-..... yet~ to th~ lo~din9 

tunctiC'n P(t) i. (~t.er.ined u.ing vell-e.tabliah .. d nuaerlc.l 

44Al,.i5 techniques or rigorous .olution~ of thf. differentlal 

equ4tion of .,tion for the .Y.URI. Rigorous eolutioua .are 

poaa1ble onJ~ f~r those ca~. where the loading. _esiat.nce 

fWlctiona c.," ba expre •• ed in lel.tively ahlpl. Ilk .lle1ll4t.lcal 

teraa. 

The diffi~ul~y in obtair.lnq • polutlon to the dyn~ic 

r •• pon •• of •• pr1nq-.. ••• yat .. will also dep€n~ on the num

ber ot deqree. of fre~dua of the sy.te.. The d~gre~ of free

do. of • "yat_ ia define.! to be the .inil&l.IIJ', r~r of inde~ 

pendellc. diaplecetlent variet-les nec •••• ry co coatplt:tel/ des

cribe Lb. configuration of the .ystea. Figures 9-1(a) ~~d 

(b) .how .in~l. degr~ ~t freedo. sy.teMS and Flg. 9-1(c} • 

three degr~. of fre.d~ syatea. Even the idealiza~ion o~ 

the .iaple atructurea .hown in Fiq. 9-1 requires cer~ain S~

plifying a •• Wllptiona re<j.rdin<J the DIOde .')f resp' .. mse of t".e 

r~.l .tructure. For example, that .bo~. in Fig, 9-1(b) 

a •• u.e. the .a.a to be ri~id And tile absence of ve~·t.ical or 

rotational .otton •• 

The ~ollowir.g paragraph. of this sactio~ pr!sent meth~s 

for obtaining the ruapons. of both singl~ degret of freedom 

aPd aultipla de9rae ?f fr~o3 systems to variou~ types of 

loading fWlctiona. ApproximAte meth'Xis of analysis which re

duce aultiple dp.gree of f~eeaOlll systems to equivalent sin,~le 

degree of freedoa .yate.a are .1so presented. 

'.2 SINGLE DEGREE OF rRE£OOM SYSTEMS 

'.l.l Gen~ 

A discu ... ion of the responae of single degree of 

freedoa ayat •• a ia an important ,introduction to tn .. prinCiples of 

\ 
.~ 
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atructural dynaaics. In addition, .. ny atructure. and .truc
tural el.-enta can be ~epr_sent~ with _~ceptabl. accur~cy by 

ainqlc: d;aqree of fre."'~ ayateJu and later paraqrapha of thia 
.. otlan deacribe technique. for ~btaini~g properties of t~~ 
equivalen~ ay.teas and the response of tbe ... yat ... to dvna

Nic loads. In the followirq discus.ion. it i. a.au.ed that 
t~~ point. of .uppo.t for the .t~uctur.l el ... nt do not .ave 
SfiQ tberef~ do not atfect the reapen .. of the el ... nt. The 

iAfluer.c. of .I,lpport lIIOtion. i. considereel in paraqraph '.5. 
9.:.2 Ond!!p.td BluUc SY.~ 

a. Cl"aaical Solu_td2!!. 

The firdt atep in Obtaininq e aolution to 
the re.poa&e of • aingle degree or fr.edo. ayata. i. to 

i.alate the aaa., x. and a~ly tho external force. acti~q 
on the .... a •• hewn in rig- 9-2. The a:re general cas. 
would .1so include a da.pinq force. Rowe?er, for purpoa •• 

of this discus.ioa. it i. a.a~ that ~1A9 can be 

neqlected and the resistance fur.~tiun i. iiaear-ela~tic a. 
~n Fio. 9-3(4). St&rt~n9 with ~he ele.entary equ~tion 

<I r - at {Mv) ('-l) 

where 
f' - algebraic •• of the torce. ac.;1f49 on the ~.&. M 

v - v.locity ot the .... 

If it i .... uwed that t)w .... i •• con.tant. the above eq1.ta

tion ~. 

,.-~-rti (9-2) 

.mere 
i-acceleration of the ma •• 
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Su...in9 the t,rc •• "t:::ting 1n ttote s:~ti~ 01. t:h.. ••• 

in Fig- t-l. ,~ obtain the following equation of .ot.ion 

Hi + kx • P(tl (9-)) 

,.arranging htru and letting w,. • .1t7Ii we ~taill 

x + ~ • _ F\:, (9-4) 

"1t is the a.t.ural circular frequency of tbe aiA9le 4~.c .. 
of freWCIa .yatea in r"lane per 1MCODd. Ybe aat:ural 

period of the ayat... '1.. ia giv-o by 

':. - 2. ~ (t-S) 

ne natural period of the .:,·at._ 18 the ~1-. requ1nt4 to 

<.OIIIIPleU one eyele of fr .. v!.bratJ.OII. 

The tIOJ.utiOll of Sq. t-l 481_Dds OD the forc

in9 fUftctio..-. po (t) and the lp·Ual ftlocl.t:y and 4i..,1ac ..... t 

of t.he ..... The i.;,ur ideal taec:i forciftg functions IIbowIl in 

F19. 9-. "aft be uHd to appr ~d ... te MIll" l~1D9s ot' inter

eat for protective conatruction de.ign aDd a»1y.1a. It ia 

u~u~l\y •• a~ thMt the ayateD ia initially at. reat: 1n an 

equilibdu. pcdtiOft at the U.e the 1084 is first applied. 

With the ..... waptiona reqar4ht9 initial coDdlt1ona for the 

tJyat_ and for ~. tour J.4 .. Uaed load1n9 f~tlOlla abowrl 

ill FiC). 9-4. the followiDC) 1I01utiona to Sq. t-t cu ba I>l>

t..,ined. 

Trian,."l.r Pul •• wit.h ~.ro ti. Ti_ 

ro ~ ai ..... t t.1 • - T - C084tl .. t + ~ - - for: t. < t. 
"'- 0 tCl - 0 

(9-6) 

~~~o '0''''",' - ...... (t-tO)} - ........ 1 .or t!t. 
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~t~u or sm hl .. 

· -p 

-i 11 - ,:08 -.tf for t < t 
- 0 

<t-7) 
p 

• • -f Ic:o.I -.(t-to ' - 00. -.tl for t: > t: 
- 0 

Ste? P\U" with F!nit. Ri .. t'i.ae 

· -Po [1 ( sin ~t; )1 k E t---
~ ... for t ! tr 

<t-I) 

• · ~ [1 + • \ (aiD .. (t .. t~) - au .. t \J 
' r , I 

fez' t. ~ tr 

n ... tdce1 'rdan~lu h,!a 

~ r 2 ( .in ~t) J t 

• • Ito t - --;;;-:-
for 0 ! t. ! -Y 

'-

•• -t - t. -t.+-P [2 ( 1 
to 0 .. '2 un 1J (t - ~) - .10 ... t D I 

for to/2 ! t. ! to (9-9) 

P r ( t • • -£ fW:to 2 .1a ... Jt - ,.f -.u ... t. - .ir. .. 

It - t.~)1 ~!' t ! to 

Expr~a.ion. for velocit.y aDd accelerat.ion can be found bi 
ditfuentiat.ion of the above equation.. 'rbe t1_ of .. "j •• 

diapJ.ac-.at el,,- be fOWllll by 801vi09 the velocity ."Pce"ai ma 

for U..oee t".... ~'h.., the "elocity i. equal to IMro. Th·ne 

ti.ae'" can theA be IlUbatit'lt.ed int!> t~ diaplac ... nt. ~uati!)n. 
to obtaiIJ. tM .. ,:d. __ z •• pon .. x.' Si.Uarly p.aJt velctCitie. 
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CaD be obtained froe the expresaion. for acceleration. 

It i. convenient ta de.cribe the dYn4Dic 

r •• pon •• of .ingle de9r •• of freedoa dyatema in te~A of 

DOD&iI8e ... ional <Jariabl •• whenever Arpropriate. In b,;.& 

_Aner the aolut.iona can be applied ttl I8lIny syecific pro

b!~. aue auch noo41-.oa10n&1 ~ariable is the dynamic 

Load f.ctor (DLF). Thia factor ia defined ~$ th~ ratio 

of the dynaaic d.flactiot, at any till\e to the dE-flection 

"hieb would heave resulted fr~ atcttic appli":4:-l.on of the 

peek force. Fo' fro. the force-t~~ hiatory. Thus. 

where 

DLF - -!.- - J( K.t 

Fo 
-at - T 

(~-lO) 

(9-11) 

Deflections, aprinq tor"e. and strea.ea are all propor

tional in el •• tic syetem. ao that the dynamlc load factor 

can be applied to any of ~~a.e variabies in order to ob

tain the rati~ of dynaaic to static effects. Thu., th~ 

aaxiaua .pring force ia the proGuct of the max~mum values 

of the applied force aoo the dynamic load fac'tor. 

Fs - .Ii. FC). (S-12) 

Figure 9-5 is a typical plot ct the reaFons~ ~f two B1n~le 

de9r .. of {"ellCia. el.atic aystem. to t.1le .t\""lang'\lar puIs. 
shown in Fig. 9-4(a). Figure 9-5 can alao be interpreted 

•• the reapon.e of a aingle de'1cee of fr-.tedom sl'stem to 

triangular pulse. ot two diffel~nt durations. Several 

point. ahould be noted in Fig. 9-5. 'rhe two curvet. :;how 

• aignificant. ditterenee in ayatem reapon_. for ay.tp.II"~'1 

with'different periods. CI~ally. when the load duration 

ia long cOlllpared to the natural per lod of thE' l!Iy.te,~. the 

r.apenae ia greater than that where the load durAtion 1. 

only a fraction of the natural ~riod of the cSystem. In 
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the fo~r c ...... xiau. response occurs while the 104d 

is still applied to t~. syst... In the latter Case, maxi

-.&III r."ponse I)Ccurs .tter the load haa been removed. For 

INIIOOtb forcinq functior.,. the predominant lIOt.ion& are at 

the treq~ncy of the ayat... After the loa~ na~ been re

IIOved, the syatem will ~~ntinue to vibrate lP pure har

IDOnic ftIOtion if there i. no cs.mpin9 prea'l:1t J.n the system. 

If damping is present. the ~litud. of vir.ratlons will 

gradually decreaae to zero. For UIOst c.ses of lntere~·t. 

it ia (!onvenient to nc",lect c1&11lping since maxl.mUII; r ... sponse 

normally occurs in tt.,4 first cycle of vibra.tion ",~eJ:'e dan.p

lng ia of lesser ~portance. Equations 9-6 thlough 9-9 

apply only to undamped elasUc ay&tems. Tne effects of 

damping are discus~ed in ~re.ter detail in paragr4ph 9.4. 

Onl; the ~xi~ res~~nae of t~e system 

is required in maul' problema. If the fcrcir.g fUhction 

varies wi~h time, the Jynaaic load factor is utiually based 

upon the m61ximWll value of the load. r o ' tt.at occ,"n; during 

the period of interest. 

~i9ures 9-6 through 9-8 are charts of maXl

aum dynaaic load factors tor variouS types of loading 

functions. Charts of lime to reach m4ximum di5flac~~nt 

are also presented. 

b. Numeric.l Integration 

Numeric .. l integ.catlon is anott.eI" techr.ique 

for solution of ~he differential equation of motlon. It 

is the MOst general and veraattle method of analysl. for 

probl~ of interest. It can De 4fplied to any systen 

with a finite number of deqrees of freed~ and can treat 

any force-di8pl.cement-ti~ relati~~.hip. ranging t~~m 

linear ~laatic to nonlinear. vi.coelaBt!C-plastlc rela

tiuns. The nt~thod of numerical 1ntegcation has found wide 

application on ele(.tronic ~Qmputin9 ..ievices for compiling 
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tJMt eolutionll to • .\aIp1. snobl.... and for -.he .apid 1I01u
tion of probl ... in the d~ic. of ca.plicated .y.t~. 
For ban4 OOIIIPutat~on. the .. thad i. ~.t ., .• ~ to sya-
~ ... o~ ~ few d~r ... of freeda. with sLmple f~rc.-ce&i.
tance relations, .ueh a. the bilinear el •• t!.~ or el •• L.e
pla.tie re.i.tancea. 

x 

aewrlting Sq. '-3 in the foea 

P~t) - Jut 
~ (9,·1) 

it i .... ft t~- if F(t) and x are known at any p~tir.u\.r 
in.tant of tt.. the acceleration of the .... , M, can to. 
calculated. !he ba.i. of the method of n~r1c.l integra
tion i. the .ubdivi.ion of t~ ~nto intervals, Gt, &r~ 
an ••• u.ption ot the nature of t~. variation of the accel
eratiC">n during the tilDe interval. The procedure recouaeooed 
ber~'n i. pr~ .. nted in a~~ •• '-2 and 9-3. It is cOnv~nient 
to adopt the notation dev~lope4 in Ref. '-2. If we let 
in' in' ~n' ~ the accelerAtioD. velocity and di.plA,ement 
re.pectively at tLae t - tn' then the velocity and d~s-
plac ... nt ot the .... at ti .. t • tn + At are 9iv~~ by 

1 .• -xn+t.t .. xn + f ~t (xn ~ "n+bt) (9-14) 

• At 2 - - - 2 xn+4t - Xn + ~t xn + ~ Xn + 8(xn~At - Xn) (At) (9-1~) 
If the variation of the acceler.t~on OVQr the ejse interv~l 
~t i. Ib, .. ar, 8 ia taken ~UAI to 1/6. If a con,.tant aceel
ereticn equal to ~. average of Xn and X~+At is assumed ever 
the time interv&l, a i. taken equal to 1/4. V&lup~ of B of 
0, 1/12, and 1/18 c~~ al.o be given .~Mple geometr~c inter
pr~t&tton •• 

The method proceeds as fallow.. T~e ac~eler
ation, velocity, and dir '~acement at'e cornpu~ed at taO 
fro. the givtin initial conditions. Then fo~ t - 6t, the 
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acceleration a n + 6t i. aa.u.ed. Ua1ng r~ •• 9-14 and 9-15. 

the velocj ,y .a.nd diaplacelleftt. -n"At are -'OIIpUt.ed. I(nov-

1n9 the -"n+At.' the realaunce kx can be evaluat.ed. Tnia 

value .a then aubnitut-S iato &q. t-ll and the .. a~ 

acceleration checked. If the aa.~ aad reaul~nt accel

erat lOll are not in a9r~t. the c~ut.ed ..cceleration 

can £l8 uaed for the Dext tri.al until the pr0ce6ure con

ver'll~tI:. 

n.. iaport.a.: queatiOGa _lch ari.. in 

the applicetioa of n~rical intciration are convergence, 

rate of couv.trgence. atAbility. lenqtb of tt.e interval. 

and choice Qf 8. All of the que.tiona are Int~rrelate4 

and have beftI atudted fairl: eaten.ively. ao.e of the 

r •• 111t.. of tlw .. atudi •• are 9resent.ed ia Table 9-1 and 

t-2. In TAble t-.&.. t.Iw rate of conver9eJ1C41 for an Wl

daJlipe(l ainile 489r~ of freedOil .yatea ia pre.ent.ed for 

varioue vAluea of B and At/'l'. (the tiat interval aealed 

by the f'&tural peri.od of vibrat.a.o •• ). The a!UUer the 

value of the rate of convv~9all~.. the IIIIOI'1t rapid the 

convergence. In TAbI. 9-2, t~. a~bility .. ad conver<jenc.;: 

liaita fo. All undamped ain91e deqr .. of freedoa ayat .. 

&1" 91""n for ~ \".1 'le. of II. The scal~ tu.. inter

Viii ~t/TN ... t be le •• th ... bc.th the .. laita: to insure 

bc.t."l stability and COnve1'9eDC8. For ay.+;ezu with •• vera~ 

dE'9r ... of freedOR. the stabi4ty and ccmvergence liaita 

m;,;.at. t:-e applied ill tel" of the nat.ar.l period of the 

high.at ~e of vlbration. 1 •••• the ainiaua natur~l 

perioci. The choic. of a t.u. interval aleo deteraainea 

thd nuaber of cycle. of it.lationa required to properly 

describe .. tructural re .. pon .. and UHtrefor. affects the 

cclat of th. snalyai. in tenu of COIRtNter tillM!. AnQther 

con.iderat1on is that the t1ae interval should be small 

enough to adequately de.cribe the ti~ variation of the 

forcing function. 
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TAble ~-l 

RA~ OF CONVERG~~C~ 

d~/T~ 
--,--

t • 0 6 • 1/12 S • 1/8 e:-16--'e - 1/4 . +'--'--=---" 
0.05 0 0.001 0.012 0.016 O.02S 

0.10 0 O.OJ) 0.049 O~6fi 0.099 

0.20 0 0.132 0.191 0.263 0.395 

0.25 0 0.206 0.J08 O. ell J.6U 

O.lll I) 0.3:3 l 0.500 I 
0.389 • 0.5,10 O.~SO I 
G.(SO • • :"000 . 

,-----'--- - - -~~-

0.667 1. JO'J 

1.1.00 ' .• 500 

1. J3J 2.000 ____ -l 

• A.tr~ exc.ed. the limita for ~onvergence or atahillty 

Table 9-2 

STABILIT~' AND CO~IVEII;GENCE Lll'!tTS • 
Stability liait. ~t/TN O.nll I 0.389 0.45<.. 0.:;'51 I .. I ."0 1=kllU .-1 -1 '-i," G,£LJ 
eonve, ... "" U_it, dV •• L_" __ J _ 0.551 O.q50~O! o.31sJ 
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'I'he Ch<ll":e. ot B .lovern. t he accuracy and 

ease of ap;;L..:ation ot the lllet~od. Extdnsive work 1n 

the ~ppl i.cat- icon of this ftWlthod hal' result-Ed in the f01-

lO,""lnq con.:l'I".Of's. At'"' 1/6 is be'lt I'llited for forced 

vlbrA\.10ns of syste .. vl'th dampinq and vlth l.nltial velo

':l'..Y a .. .:! di5place_nt, l'he ~st results in aaplitude of 

n'sp.Jnse f~H' an undamp.,.."<l system are obtalned ueinq B • 

~/4. A ". .1./12 9l.Ve .. tt.tt :'AOst rapid and accur.te re

sult8 f'H ,.r, n~amped sy .. teRl vitnout lnitial v.locity. 

Fc~ V~ '4~ld resul~sf .h~re accuracy 15 not of pri-

I&dry 1 • .., .1l:4nce. F. .. 0 often proves usef'.ll. 

9.2.3 ~~a.tic-Pla~tlc S~,~~ 

: ~ un t d .ow ; t has been aslOwr:cd that the re-

s~stan , 0" • '~<;:e cielqree :,'~ freed08l s}'~~em is linear an..i 

elastic A a .~~ vl'h .n el~$tic-pla.tic resistance f~nctlon 

15 &h"lWn in F19' 9-3 (bl. f",r thlS system, the responE:! is 

... lastic up to t!"le elastlc 111l,lt :reo 'I'h'~ reslstance tne- re

mair.s constant ov .. r tne dlsplac.rocnt range, lo>e ::. x ~ x
m

' 

where m 18 the ~.-lXlmUJll QispId :elllent. As the diapl.t,"itRle.'lt 

~·taTts to decI·"··'S.:, the 1:!"Iloa1:..nq leSj )n ce 1S a,?bin ~ssu~ 

~o be el.lstic. f~<;;.lre. 9-9 'hr0Uqh 9-12 Are ,~harts of tbe 

NAXimu~ TPap ~~e of ~n ~nUamp~, ~lastic-p148tic sinq •• Qe

gr~~ of freedom ~~'st ... for \""riO\:s loa..hnq funct,i(\na. Chin.s 

rh" t.H_.e to rea("'h m05Xl.III\;ift di!!,placemt.n~ iJre all'"O q.1VEU. rn the 

F'.,".~:~c l.-~~_O.;, "prlng reSU:;L'nce is no lonqer ~-rOPOl'(.lonal 

to Q~;.>p;"acement Ii' ,;oparate plots ar" requi:-ed t.o Jiffel'<mt 

"t 10::' :-f f'e<'l 10>'(\ to JIl~ximum sprint; resistance. M4xilllLJIII 

respo'"1 ;~.> 1 S expl-ess":'d as a rat 10 of the IllAXllT.Jm displacen;ent, 

Am' to the YlEdd C:lspl.scerwent., xc' This rati) 

x 
.. ..I! 

x e 
(9-16) 

1S OIte;) --",f.!Ired to as the duct,llty ratio a"ld 18 oft.en S~Cl-

iJ.e(! af' IS \l.'Sl~n par,,;meter. for valuoes t.,f < 1.0 the system 
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t .... ln. elastic. .:n protective conatruc ... ion, it til: larger 

dlaplac~ta and inelaatic r.spon •• c.\ be toLt.:ated, it h 

a4vant&~euua to d.aign fo~ ductility r. ·:io. grcuat ... thaI' nn •• 

Ductility ratio~ up to 10 or 20 c.n be llafld u:der certain 

oon4itioo •. 

For 1\.11'0 rattvs (jr •• ter than 41. tl, slate. re

apons. ia .laatic for the loading. consi·jerE:J and tlle curves 

of Figs. 9-i through '-8 ahould be ·~ed. In cases ~~re 

only the aaxiau. r •• pona. is requ.~eQ, the r.apons. chArts 

offer a .ignificant coaputational advant&9. over rigorous 

aolutiona or nuaerical int.e9ra tiOI, techni ~ues. In so ... in

at&nce., .uch a. 4 •• i9n of ahock iSi>la'tiol' a,/$t.',~, .. ~ta!l.d 

tiae-4iaplaca.ent ".i.tory aay be requir." ~nd the .~att.r ap

filrcMtches are neceaaary. 

Another fora of reap~nae ~hart for elastic

~lastic syat ... i. ahown in Fig. 9-11. The furcing function 

for Fig. 9-J1 is an initially peaked triangular pul ••• a ahewn 
in Fig. 9-4(a), and the di.plAce~nt-r.si.t4nce fl~ction i~ a • 

ahovn in Fig. '-Hb). J.f any two .:>f the thrtle parAIMters on 

thiM chart are ~novn, the thir~ can be obt~i,ed. ¥or eXAMple, 

if the ductilit!', II. I\Ind the duration of the forc'lII. to' are 

known, th~n the ratio of t~ peak fOKce to yield resi.~~ce. 

1'011\., can be found. '!'he ti .. of IUXiW'\mI response, t. is 

Also given in Fig. 9-13 . 

Equation 9-11 can be! uaed u.' detenaine the 

pr •• sur .. nece.s.~ry to cauae a lipecified reaF0nse of ~n ela8-

tic-pl,;::.::t":c ay.tea subjected to An initiaUy-peaJulId, <:.i.ngu

lar force vith an initial t.pulae, 1
0

, alao appl~ed at t • 0 

(Ref. 9-C) 

FO F~ F~/'\a 
.. - ~ + 1+0.7 TN/t~ (9-17) 

780 

I"" 
~"l!t. 

i~ ......... ~ 



~. 

0 .... 

i 0 / ,,'.' " • I I ~'YSL~ li!~ rl 
~ ~ II III I ! ~r .BIJ i" ~ ~.A \ , I I 

~ 
a-
GIl 
po. 

IQ 

<-: 

<II 

1>. V 1'-:.. ' .. "do "", .,; ""'1~~ ~ 

.no 0 0 

........ -0 oil 
':l .... ~ o 

<"f 

a 
II 

~. 

lC 

~O'~ .... ~ ." .. 
uot ~::>aT)'*<I praT J.. 

i:0 ,-p-;ji ja(;-.,.rtxiW 

711 

o 
.... 
C' 

.. Ot ... X 

c: 
~'8 .. ... ..... ... ~ 

" "-C 

-.. .. _ ............... " ............... ~~' .•. ~r~~'~ ~~1!tff.~;,"~ ,,n;.,....;:I", , .... , ... ~,,~~.~<', .... ,"".,,~ .t. ~ .. ,t .• " .. "·.~'»,·:~>-:.:'~ 

0 
6J 

E 

" 6J 
III 
>. 
<Ii 

~ 
4J 
III 

! 
Cl-
t 

~ 
~ 
III 
til 
~ 

~-.. .., 
8J. 
1. 
QI ... 
148 '·e ... CI 
.. ~ 
c ... 
~. 

1:1 " 
~.~ 

g; 
Gl 

.... 0 
~,I., 

C # ..... ~ 
l'; 

.l: 
"O~ 
fI .. 
~~ 
10 fI 
~/II 
c-
::J :l 

Co .... 
a ~ 

10 
CI/ .... 
Ch =' 
cO' 

&~ 
Ill· ... 
CII ~ 
IX'" 
..., .... . 
'" 

CII ... 
=' 
~ 

~ .. 
;~ - 1r~tJ(211-1Jl/2 - R~~T2..N: t 

• 0 l III 

(9-1111) and 

[ J
2 F- 1 1 lTIo 

~ • :.. - 21/ - 2,: ~T~ 

9.2.4 !l~ 
In the desl'1n nf members su.b)nctoo to d:t I1 U'1ic 

leading. it i!.l often necessuy t<J consid·er t.he ne9ati ve dia
plc.'c~ellt or rebound. wl'ich CAll occu~ a.t tar t.he member has 
r84ched ita IUxiulUlll poaitive di.splacemer~. 

Figure 9-14 gives approxImate values of the re
bo\llld re.1atal'ce requirw tor a f1.xed-ba$e. unQ.'UIlped. ringle 
degree of freedoa system aubj~cted to an initially peaked tri
angular force pulse. Enterlng the chart with thr Val'l€ of t"" 
ductility factor, ~. i.....d the ratio of the d ... ratlor of tl~E' l.uad 
pulse to the natural ptlriod of the syst.em, tiT. , it ... s lX'asi-

o " ble to read directly the requi.red l:'tlbound r,"'si¥tance. r. in 
ter .. Df the yield re.i.tQnc~. Rm" 

The values obtained troc" f')'g. 9-1.4 will almost 
aLway. indicate larger rebocnC resistanct:s th .. n act.uall}i re
quired .Lor nuclear blil'ilt loadi. ThlS ilO bec~u.e Fiq. 9-14 is 
moat accurate for peftk responlle which occurs aft.er the load is 
no longer actinq on the systell.. For long duraticn lo~ds such a. nuclear blalit loads, tne st.ructur<! re<lChes it.S maXlm\;JTI de
llection whlle the positi,,'" ':c.rces are st 111 lalC~e, dnd the 
rebOund is red\lced. The followi n9 semH'p"!J.lr ieal reliltiol. can 
be used to estlmate the requlred rebound reslstance after the 
ficst half-cycle of response ""hile relatlvely large PU>,ltlve 
forcea ar.:! atill acting Oil the syat",m . 

1 t In [ ____ .~ ___ ) t 
3:7fl (t'v!TN)2.82, 
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tihen Pi9. 9-14 !.1l.41..cat.a. l .. rie rebound rea.!atatlce requirlld 
and Sq. 9-19 .~I~ little or none, a aute d~tailed analysis 
of t.hf' .ystea con.l<ierinq the load and re8pons~ tillle-hi.turi •• 
will t. naceaaart to eaUllAte the actual rebound celliatance 
~ired. 

9.3 EQUIVALEN'r sr'GLE Cl!(;RZE OF FRf.EOOH SYSTDIS 

9.3.1 ~ 
As atatee previously, a rJ.9orou& dyr, .. \IU~ il~.i.Ol:r 

si. is feasible only whEre Ue at:.ru.:t..lral loao1ing and resis
tance function. can be _xpreBsed in celati'lell' simple aaO'e
aatical ter..u. Althougt. numer .Lcb.l &nalys18 technique. are much 
80re flexible. they alsc become tedious t!or more than .. fev 
deqxee. 01' freedORl. As the numbt~r of deqrecB of frf"~doa in-
cr .. I.. •• hand calcul .. tior & become iJDpracticaL alld (' lee tronic 
~utera muat be uaed 1C solve canplex flul tlple degree (:t 
fnedoa ay.tem.a. Porturately, it is poa!:ible- to reduce ..any 
~n atructural eleJiler:ta to an equivalent single d~9r'Ele of 
freedca system which car thf'n be anal;tec. Wltll accura(:y .... f
ficient for l80at enqine('rinq purposea. In view of the un
certainties in loads ancl material properties ~~count~red in 
protective construction desi."n, aorf: cOlllpl~x ana:"ytic,j} tech
niques are oft .. n !'lot :11.tified. 

A propped cantilever is shown in Fig. 9-15 with 
two possible equivalent single de9ree 01 freedOlJ) syatelU. 
Ideally. the diaplllCellKut, velocity and acceleration of the 
.odels should at all t.i1nea be equ.ll to those of the actUAL 
strl1c:ture. There ahoull a180 be .'n equivalence of kinetic 
energy, 8train er.ergy and work dO:"le by ey.ternal forces be
tween the real and equi valent sys tams. In P!' let ice it i. ,lot 
alway. poL8ible to obt~~n an ~y.act equlvalence and ~\e degree 
of error will depend 011 the cornpl~xity of the act-,,,l struc
ture. The usual approach j8 to dt!fine the system AS one i&) 
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which the equivalent diap4ace.ent. velocit¥ ard acceleration 

ar. eqt,al to tbat at .<lIIt. .ignificant point in the actual 

a:iatem. Knowing tlloH I-&r&mGt~r. for the I!'q'Jiv.le~t aystem. 

a good approximati:>n car,' be obta lned for the complIne re

apona. of th. actual ayat... It ia alao necessary to define 

an equiv.'~nt forc~n9 function ~lich hA. the 5age ti~ de

pendence .a the re .• l 104ld . 

The conatant. 0t t~e equivalent aystea ar~ 

evaluated on the ~.al. of .n •• al.lJMAl detorllled shape of the 

actual structure. Thill .hape i. 'Jaualli t .. k: ... r ... thAt Ce

aulti\'l9 fro. the atatic applic.'lon of thft ';yr4l'll1C .~oAd •• 

This approach i. not quite thtl .... aa th.tt ')f U.4:"<1 !;he flIst 

.ad. ahape. but it fielda IIOre accurate re8ult. for "'n), 101'11-

t ..... e.pecially for atrelf. computations. 

9.3.2 Tr~ Itol1Dat ion ~!!~.!...!~~.ln~, _a~.!;.!.!E!, 

!, ii, convenient to develop trd/UitoUtiatlon 

factora "4hich COnvt't t the 1.' •• 1 Myat .. 1-,"0 tiw ~q\.u v.a lent 

ayat_. When the looAd. ,,"a. r •••• tiU\C. and pt ~ftne," of 

the reel at4U-:,ure ere aultl.plutd by the ("'orr, 'llp<mdlO'i tr.u,.

formation fact-ora. t.'Wta4t paramet"r. are obt.a :,.,": tor the 

equivalent ain91e degr.e of t~e~lo •• y~t~. 

Refertonce 9- 6 lIt-at.a thAt: It tnf~ lIt4tlC de

flected ahape of the atructure l.rlu.r t.hel _pe' l t l~d l,:> ..... ;~ !.. 

denoted by • (z). t.he '!\4:Ulv<,\.en(, 1·\~.· 

by (ku.etic enerQ~ -:::~ .•• 1<ler4tlvnlll 

" • It ~(z)t2(z)dz 
eq 0 

and (e:cter •• -!'l werk conah_erat10nu) 

t' I. eq - fo p(z .(z)dz 

7ij6 

l')rC€ Ilre QeflOed 

(9-20) 

( 9-21) 
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re.Pectively. where .(al and ptZ! are tunction. d .. ~ribin9 
tbe .... and ap~lie4 load dLatributiona on the real atruc
tl.lre. For laped ... a ay.tems Ol~ cOI\CeI\trat.ed lO&da lble Cor
re&poacii""i "TM tiona are 

j 

N -EM 2 eq n 41n 
n-l 

aDd 

j 

P • I: ' eq n;>n 
n-l 

wnere f. ia eg. .• an a •• u.ed .hape function. 
tran.for.aation fac~rs ar. given by 

arut 

where 

)II 

~ • ...!!l 
t"t 

P 
~. :.s P

t 

Nt - total ea •• of the rea 1 structure 

Pt· total force on die r ... l atructur. 

(9-22) 

(9-23) 

The .... and load 

(9-24) 

(9-25) 

For the> ~l. shown in Pig _ 9-15 (a), wher. both .. a. and force 
.re uniforaly d~.t~ibuted 

and 

.. .;L lad •• aL t 0 

Ft - ~ p(tldz - 9(t)~ 

(9-26) 

(9-27) 

Since the !!I!"dJDlal resistance i. the tot.l load 
having the given ci ltribution whic:h the .tructl.lre can .upport 
atatically and th3 stiffness ia equal t.o the total load of the 
•. ame distribution required to causa a unit di.placement ,:at the 

781 

- ......... , •• ~- ........... ~.~-~.-~ ..... - .. ,~.""~- ... - - ••• >- ... ''''-..... -I>~~-.-.-
__ r ,>. ~,. .. ·v.,_ .. ·, .. \·,., .. ,"30~"'.""!· ...... ~·r,H~;~:·f:..J:>;';;'u 

siCJ1lificut point, i.t follows t..i ... t U .. re.18t.ance factor, It
R

, 
aust _b,ay. eq\al the load factor !"-r.' Th.8n 

KR-~-~ \9-28) 

and 
k 

Ka • r - '-z. (9-29) 

where" And k are the act\al and Rmeq and ke-q a.r~ the '''Iuiva.
lent r.aiat4lnc. ... and spring co~tanta, r •• pecti:vely. 

The single c:legree "t freedoE eyat ... analyzed 
1n paragra~ ».a had either linear or b~l1ne£r r •• iatance di.
placea.nt functio.'l8. but not all .tructure. exhibit ... 'ch be
havior even if ideal hinge be..\avior is aesuaed. The p,'opped 
cantilever .mown if. Pig- 9-15, for e:.:"1IIple, would bave l' die
plac--.nt-reai.tancQ function similar to that shown in Fig. 9-16. 
Th. initial .tiffnee., k

1 , repr •• ent. beUl reapc 1016 up tc the 
dlapl.COMent a1 where .. hinge forma at the fixed end. Stiff
ness "2 applie. over the range Xl ! A ! x 2 and the IIWlxililua 
r •• iatance i3 reached at x

2 wherf! .. hinqe fOnAS at r.idepan. 
~:~ b~1ine .. r repeeaentation of the rp~i.tance displacement 
function over the range 0 ! x ~ -'I i. an idealization of the 
actual fUnction eince hinge fOI~tion i. not .i.nstantaneou •. 
If ~ •• iIlpIS.tied analy .. i. presente,' ., paraqlarh 9.2 is to 
be applied. a furtmr ideali.ation i. nec.a.ary. The reCOl.·' 
l!>:~nded approach ia to aelect an &ffective atiftnes •• kef' 80 
that the area under the two curve •• which reprea.ent absorbed 
energy, i. equal for the real and equivalent, !'Jyatem.. ifflen 
the effectiv'_ atiffne •• and .hap€: functions have been .elected, 
£qat. '-20 <..hrouqh 9-23 can be usfit to obtain transformation 
!actora which transform the .. a •• l~'ad and .tiffre85 o( the 
real structure into eq..li' oilent charact.'tristit.::'!1 of a sin,'}e 
degree of freedoa repl.c~nt system. 
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'l'rJUlafon.etion fa..:tor. boa". been worked out 

for '- n\llllllMr of ~ t~ t"f .tructUZ'al .1..-nt:a and .ur
Pl)&t CXlQattton.a. 'l'-.bl •• ,-~ t.h.rou9h '·5 gi~ factor. to," 

~ ... d _-W'ly .laJ)a. ea4 'rul •• '·6 eIl4 ,·7 giYe f.a.:tora 

for tvo-way.lab:. Tabl. '·1 prsaent. f~tor. for circ~lar 
.l..a:." 'lbe tabl~. aleo incluee a load........ factor which ie 

defiDeC t~ l. the ratio 

... 
~ .. ~ (9-30) 

This ratio can be u.ed ~ defi~~ ~~ equationw 

of .,Uoa for the ~j .. lent ayatea 

~ti + tx • Ft(t) 

~ti + ~ • Ftil) 

(.l .. Uc r"9ion) 

(pla.tic reqlor.1 

(9-31) 

(9-32) 

In tba al&atic reg~on the natural frequency of the ~y.teM ia 

I )- Jill 
"M. ~. 

~ the r:. .. ~.J. period 1. 

" •. l.I~:"t tIl 

(9--33) 

(9-34; 

~ II&Iti.aua reeistance. and apr1h4J .t.itfr: ••••• 

gi",4n in Tabl. 9-3 are tbofle corr •• pon4ineJ to t;he real BY.-
t .. an'" are the conventlof . ..ll elltpre •• ion. fer. theac qu.nti. ti •• 

and lUOu.l4 be .ulUpliecl by tha load factor to obtain t},e n

eiatance f~r the equivalent .yat... Mp ia the ultiaat.a or 

pl~.tic flexural etrength of the ..-bc~. It ie a •• u.e~ that 

the ...,.,~ i. de.ic;nfl4 eo ~!.: shear litrenqtb i. not critical. 

~ • ..xi.~ r •• istan~. given in Tables 9-4 ahd 
;;-5 .re tt., .. which occw: at tbe upper li..-ut of •• ch r"lllg •• 

sprIng atiffJ\ll"s8 •• are S1- .... ., for .ach range ~ well aa an 
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Table 9-4 
TAANSt'ORf:A T ION FACTGR3 FOR Bf.AMS AI-I> ONE-WAY SLABS ,iCot. 9-6) 

lip •• IIluaat. _Ill "~clt¥ .. t .",,''OU 
" ..... H~u -:,--nt '.~lly at •• 4epen 

Ik •• [ .. 'tor l.....t ...... oc ,.'.d .... r 
LoW J 

"L "" ... , .... 
U>e41f',IJ 

~tr.I" 
'a ... tUl 
~ _ .... 

81"""" 
u .... r. ....... \,..~onc."M COft( ... rt'" "".uu,,,.,a ("""at ... t 

: ...... .,., ilL 
tw .. t'" " .. Uo", tratlfd Ur>lt_ 

II 

-
L.-,:y...u,.nt: ...... ..... M.a.-: M •• 

'" -Ii 

'''I I~ 
.llS4t:1 

1.1 •• ,;, () .41 O.? , __ 1'.' 

EJ l. 
I -~i" 

o.j "1 •• ',,--
0 .... O.W 0.111 

,i 
''1 · " I '!!J:! ~.!?.!!J. 

\:I 'l •• ur 
I" P' Sl.l I.) 

..... 

0 . .,11. _atf 

o.~ • 0.11' 

ft •• '!! ~:: ~.~!. \I.U (;,f,li ~(III. · . I , 
I" I-

ttci 
£1 ... , " 1.0 ioU O. ,7 1.0 O. J7 41M · " ,.1 19h1 ') Y 

\"d'" I '0 

t. P" -~ 
L I : I 

1.0 (,.ll 1.0 O. JJ !/" • III , 0 . 'pa ,. O. '~II •• G.ur 

TAble ,--; 
TAANSFORMt.TION FACTORS FOR BEJU18 AND ONE-NA '\" s"",as (aef. '-6) 

..... t.ctor l.Oed ....... 

1_ .. 
~ rectO' 

-til 
!..oed - .... 1_ Effect· ... ~k 

1A*i • .,., St,,,, ... ' • ..,t.D, eono u,,'- Con- 111\1- •• WI.t.",. .. I ",)ft.' .• '" liptlnq • .-ell.,. 
O ... ctr. .. ..... 

..:.n- fora cen'" fora • k ConataM V u.ud ..... tuted ""' .. . 
III "'tI.- .., .. -

n 11M 
1,~J ", • ().~ • O.llP 

11 ... "e 0.\8 0 •• 5 0.16 .J! 
7" L 

"'1 • O •• } • • O.IIP 

..., 
11 •• uc-

0.64 
~"I IMII '~l 

" • O. JW • O.lli ! ..... /1. 

14) 

Pt •• tI .. 0.50 0.78 • 2M I 
.-;~ I '" L pi! .. 

I. i.-: 
~ !ll". _ " .. 0.'8. • o.ur ... II. 

"1 •• Uc O.SO O. )J I'.~ "' .. ' . - P" 1 16111 
.Onl "'1 ·0.1511 • O.O'tt 

Claauc 1.0 1.0 0 .• ) LO 0.4) -R.! 
lL. 7 "2 • o.W. • 0.1" ~l vI Ill •• Uc:-

l.0 l.n 0.4' 1.0 0.49 ~(lII .". 1 
481:1 10000l 

'" • 0.7" • 0 .... ! .. ...(L Liw. "Iartie 
, p. P' ~.1 -T' 

L 
.. l.eth: 1.0 1.0 O.H 1.(1 O.ll ~f" .... ". ) 

1/ • <). 1~ • • (1.1'" • til IL I .. 
.. pa J . 

Conc~~nt r"'(.e({~ 'ftJHf?4 Is Itlll'lpw at the (;oncenU,,'.e-J 10&,1, 
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TMNSfl'OIU4ATION FACTORS 1'OR "l":O .... AY SLAIS I 
SIMPLE $UPPOltTS, UNIForJ4 LOAD (Ref. 9-6) 

For )'oi •• ons Jl.atio • 0.3 

'.0 0." o.n 0 •• ' 
l.UIl 0 ...... 0.... 0.071" ..... 
.~ 

0.' O.J) 0.10 
0._ • 0.1" 0 .• ' 0.3111 

0.' 0." O.H !u." •. 10 .• "..' 
0._ • 0.1. 0 .• • 0.)11 

0.011 • 0.'" 0 .• ' C ,.. 

O.U o. ,. 1
1n

7" • "---' • ;.C,. r·t'" 

,
!fl ..... '·.,fIt' 
;41 .... • • CII,f" 

'.'1 0." o. " 

0.1t •.•. '.Il' O.OW' 0." 

0.\ o.n 0.4' o.n O.OP .0._ O.OW· 0." 

1.0 0." 0." t;ffI ... • -... ' O.OW ......... ,ow. 0."'0. 

!u ..... "."..' 
, 

0.' '.n 0." O.~I 0 ••• "'''. 0 ..... 0 ..... 

0.' •• n '.M •• W ~U.Pfa. 1,) .... ' 
0."'" • 0 •• ,. ....... G._. 

0.) t .• O.U ~\.,.. .. a • •• a"c.' 0._ • 0.111. " •••••• uo. 

••• 0.t4 0.21 0 .... ~II." •• ' .• ".,' • II.OW • 0.,_. 0.1.' O.ate. 

, • _ 1 O.W • 0._. o.n,' 0."'. 
__ ~_~_~_. ~~-J~~_':_~~ __ U_~ ____ ._·_'·_V_I_._· __ ·_~~f:~.J~ ____ l. ________ ~---------J 

Table- ')-7 

Tt<..\N.a'·ORMl\TION FACTORS t·O'; T'.IO-)t/AY CLADS: 
Furl) [,ilPPOR1'!', UNIfORM x....nD (Ref. 1)-6l 

r'ur PoiflH<ms ~."lio" O.J 

L<»d ..... ~_ •• 

./1> fact<n facur facto, 

'L -IJI 

1.0 0.11 0.11 

O. <t 0.14 ;'.1) 

n.n 0.16 O.l~ 

O. I ~.)II O.?1 

0.6 0.41 0.1'1 

o.~ 0.41 u.H 
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1 , 
t • 
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I , 
I 
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I 



o 

W 
I 

'" 
CJ 

.:1 
<:. 
fo 

~ 
j 
1<1 

:x 
< 
..:! 

e 
.:!: 

~ ,.. 
o 
:.. 

~ 
~ 
~ 

~ 

<: 
~ 

.' 
7: 

~ 
... ~ 

o 

o 

~ 
.r.. 

g 
1.". 

2 

• ..., 

& 
.:l. 
:" 

CI:I 

Ci 

~. 

III 

-? 
'JI 

r: 
J 0 .,." 
IOu 
110 
co 
-"0 
'lei; 

~ I 0 

Co. I ... «I -I: no ,.,. 

:r..;" ... 
'" 

Q .:;; 

~ 
o 

• ... 
C 
<or 

o 

r:r 
~ 

.::: 

10. • .... 
o 

~-4 ... 
.0 

o 

,,, 
~ 
o 

~ ~ ..., 
::c 
c" ..... .. . 
Q.~ 

<.; 0 
t.J 

o 
:J c: .., ., 
111: 

• 
~ 

; 
); ., 
if: 

g~~ 
N. 

:;;:~ 
• 
ac 

o 

To 

aD 

.., 

t; 
Q. 

;:;j,.. 
0, ., 

:i 

:£ 
• Q. 

.,.. 

.... 

~Ir. 
~j ... 
",t 

o 

-I • Q. :\ 
lE To 

~~I ~ 
To 

~ 

i-~~- -i- - 1---1 
3 

:Ii: 

oJ' 

'" 
.:) 

'" .... 
o 

... 
100 

o ~ li'" o 0 
~-+--~--4-~~_ 

J ~ 
o o 

c <;) .... ..., 

~ e Q 

h~ 

. I 1-

.:11 ... 
o 

li 

~ 

o 

L .. 
;r, 

.; 
... 
~ 

o 

:: 
o 

., 
~ " ;.. 

0 ! 
I., 
:.. -

:.:i 

- .. 
~i 

~~ 
;/) 

~ 

1'.~ i : ;-
'.'1 

I 

~ I ~ . ~ r 

795 

'" ... , .,_, '~'''->h", .... ~'<!''I,'C't ... ~~;:t''''''.",~,,:: ....... ~,,;~ ... t,'I!/!~,f~~·' .. at.· 

effect.ive .alue appropciate foc AI! canpa. Tllla valUG 

~ld ooc.reapon~ tf\ tAe "alue k~.f abovn in Fig. 9-16. 

The tranafo~tion factora given in Tablea 9-6 

through t-I are baaed upon appcQXwaUona t:o claasical plAtA 

theory in the elaaUc ranCJe and. rield ana theory In the plaa

tic range. In the lc.tter ranCJe. the rwctAn9U1ar plat.es are 

aa.taItd t:o be planar between yield linea. lot til .. aillfPly aup

ported caa., there i. oOvioualy an e:', ,"tic-pl"atic, or tra.nai

tion, nnge, but ddt behavior i. ~x~tJingly oo.plell. Ir, 

Jrcier to .t.plify the procedure. thia ra.nge h .. been ignored. 

In the caae of fixed .upport., the elaa~lc range haM b •• n 

t.trainated when the .-ent along .aat of t,h" edge haa reached 

ult.;...te. Thi. tran.ition point. C&M:Jt be detenained preeiaely, 

and the liaiting re.iataneaa ~dven are e.tillWltec. I'or: the elaa

tic-pla.tic range, it ha. been a.a~ that the Ah&~e (but not 

the r •• i-t&nce) and hen~ the factor., ace ~he •• .a •• thoe. 

for .haply supported alaba. For two-way alaba, t:.he -"AxilIlua 

c •• i.tARe •• and spring constAtlt. are given in teC1116 "f "-he total 

load 01; the .lab. The not.ation ie .a follows ~ 

Mp ult.ia&te bending .amant capacity 

'\>t • total ulUaatt. positive bending ... nt CApacity 
.. alorq Ilidapt.., .,.ction p.ar ... Uel ~o .hort edge, • 

K fb • t.ot.al ultilAAte poaitive bending ..,.... .. T.t CApacity 
p along aid.paD aection par_11. 1 .', long edge. b 

M ... tou1 ultiaate negative IUOlunt capacity &10119 
p abort ~dg ... 8 

~.b 

I 

total ultimAt- negati'~ ~nt capacity along 
ahort edg_. b 

• IIOaent of inertia of cro:. •• ection per unit wl.dth 

~~, • ultilllAte negat.ive bendini ~nt capacity p.P.-
~·.a unit width at center of edqe .. in direction of 

long .pan. b 
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k· • pab ultiAat.e n~ .. Uve blanding --.nt. capocity per 
'.mit width at centAu' of .d~ b in cUrec:tion of 
ahort .pan ... 

~ • ultt..te positive ~ndin9 aa.e~t capacity per 
un1t width .. t centA;~ ot circul .. r .lcb 

~. • alttNt. "I .. g .. ti· .... be.ndin .. -.nt c .. pacity per 
un! t width at edge uf circular elab 

VA • total c!ynAaic react ton along one tthort _~ 

Va • ~ot .. l dynamic react ton along one lOOCJ e4ge 

t.3.3 ~ 

Following the ~leral principle. and procedare. 

oQtlined above, we can all10 obUlin traNifonlation facton for 

fra .... such •• the one ahcwn in Fig. 9-17 (a) • The ...... &1 

and &2 are unUoraly diat%1.buted al:>t1g t.IMI root ao.1d aides aild 

t .. dynaalc load b.cludes a c::on,,.ntrale4 force at. 1'O')f level 

plua a Wl1toralJ' distributed 10 ad on o!'\e vall "urf.ca. 1'be 

ix ... is a.au.ed to deflect horizontally as abown 10 Fig. t-17(b) 

with the aide w.~la remaining a~rei9ht. The di.pla~nt of 

the re .. lacelMtnt sy.tea ia tven to be eq .... l to that at the top 

of the fr .... end the _ss of t..~ equh'elent aystea i. Cii· en by 

"eq • alL + 2/3 ~h 

'!'he equi valent force ia equal t.o 

h 
Feq - F(t) + pet) 2 

('-35) 

(9-36) 

The aqulvalent atiffne.a. keq' la equr.l to the actual at.iffneaa 

of the fraae referrud to a hori~ontal 10&4 applied .t the top 
of the !r .... ~nd is the concon~ated f~rce requi.ed to ploduC8 

a unit ho r lzont .. l displaceaent of the roof. 
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The aax1aua re.i.t..&n4 ... .;)f both the actual and 

,qui vale."lt aystea i. a1aply the lU.Xl.Jftua horiaontAl force whicb 

CUt Loe carried by the fr&llte. If Uu. girdera are rigid cam

p,red to the .;olUIII.'s (the IIOre COIIWIQ case) t.httn 

I\a • '\aeq 1& ~~ (9-)7) 

.tere 

Ml,AC • ··It ..... t. bendin9 JftOIIIIent c:Apacity f)f .ach cohuan. 

Wi:h tllf> properties of equivalent a)·.tea .hown in Fi,). 9-l7{c) 

e. ,ablished. the/next .tep i. a .1~le degree of freedoa 

an< 1:,'s1. to obtAin fr ... d",£l~ctiona .• nd. frOil the •• deflec

ti(na. atre6Sc~ within the frame. For .ultistory fT ..... it 

ia $enerally sufficientl)' accurate t.O l~p the load and I:I&£S 

at th~ floor levels on ~~e ~~sis ~f tributary vall area. 

9,3.4 Other Structural El~.~nt. 

Although tral:afo11Ntion fActors can be obt<1ined 

for s variety of structucaj, elements or sy.teras, the techniqu() 

is p~actical only for relatively siaple .ys~e ... The priaary 

requ rements are ass~d deflected Ihapea in the different 

.tra: n ranqes of interest a~1d the !UJ(im .... resi.tance in each 

range. Shear distortioll May be iapcrtan..:. in some CIlses and 

shoul t ~ con!'lider~ in d'4t,erminin<J the de':lected shape, .pring 

ccnst tnt and maximUN resistance. 

~ . J. 5 D'+'namic R~act ion!. 

It is i-rortant to reCO<jnize that tf.e dvnaaic 

reacti lnS of Lt).e real £t.ru~tural eleaent ha'Je no direct co ... "l-

terpar' in the equivalent single degre. of freedaa syet .. 

{Ref. ~-7}. The reAction of the ~luivalent system, i.e., the 

sprlng force, is n~t the same as the real reaction. Thi. ia 

799 

" 

true beca", .. .;hle .iJapU tied .y.t ...... dalib4lr .. taly aelect.,d 

.0 •• to bov. th. 8aa4 dyn~j~ deflection a. tbe r.al .y~t .. , 

rather Ulo4n t.ba "U19 for;;e or atr" ... characteri-tics. St.r\lC

t",re-toundaU.ol'l interaction viII alltO have a siqnificant .• "f .. 

f.ct on the ~qn1t",de of the ~e.ctlon.. In .pite ot Lneae 

diffiC\lltie. and uncertaintif!*, it i. of interest tC" oOL l,n .c.e .. tilD":ta of reaction. sLnce ~.y are .lwa"a related to 

the maxiaum shear in the .ltaent and al.o because they ar~ 

nec •••• ry for the ~e.ig~ of d.e auppurtin; structures. 

bpre8i1iona for the reactiona may be ohtiun<l!d 

by conaidflrinq t.~ dyn.:uaic eq\l~ .• ibrium of the complete ele

ment. The dynaaic equilib::iua of tile f"l~ .. nt 1ncl'-'<1ea con

sideration of inertia forces, which ar~ assumed to be propor

tional to t.h. crdinat. of tb{l deflected shape. Tablea 9-3 

ttU'ouoh :'-i In.;;lude factors for calculating the dyna..li.c re

actions ~f the various atruct,..ral eleaents. '!'he gen.Hdl fona 

of the eX~Lea.i~n 1. 

• 'ere 

v • CIF + C2R {9-)8} 

V ttle dynaaic reaction at one end or edge of tlU!! 

~lement, ex~cpt in the case of circular el~bti 
vbe::-e V rel-,i.,(.oents the total reaction at t~e 
supports 

C
1

,C
2 

';a coefficient!; obtained froe the tables 

F total force applied to the eltiment 

R - resi.tance uf t.~e element 

Both F and It are functions of time, anc v .... ill 

normall.y reach .. maXUIUJII w~en the deflection of the ... '.ement 

T'tac'U:l. its IllAxintur, "'ht! oynamic react.loons ca,l be c...a.l.culat.~ 

oJ. tollove. 
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e. 

b. 

'C. 

4. 

e. 

Calc"lat.e utural perloc1 ,)d obtalr. rulat&nc.

di~plaoe.ent funct.icn {or atructural el ... nt fram 

qiven pro~rtie •• 

With the period of ~h~ el ... nt, ita reai.tance

displaoe.ent funct.on. ~~ charecte~l.tic. of tne 

f()tocing f\lncticr, knotm obtain .. -c...u. reFpon .. 

frca appropria'"e chart in Pi9 •• t-i tbro~h 9-U. 

Oateraine P and • at the t1 .. of aaxt.ur di.place

.ant 

Obtain APPropriate Cl ancl C2 fro. Table. 9-3 throllgh 

9-8 for given structural element and at rain range. 

ca~ .:uICit. total reaction a. 
'I • ClP + C2R + llead Loc&d ContrU.l1tion (9-19) 

It ahould be nuted that &1. 9-38 .l8U holda for atatic condi

':iona where R • F an4, th~refortt, in th~ C,Ui. ·of beaa .l.-nt. 

the aua of C1 and C
2 

=u .. l equal 1/1. In the ca •• of two-w41' 

slaw, two seta of coefficients are givvn. one each for U~:! 

lonq an~ .hort .pan a"p,ort.. In this case, the aua of the 

coefficient.. fo:t "A and VB .uet equ.l 1/2. 
the .. UIII of the coefficients .use equal o. e. 

Por circular .lab. 

As stated before. 

r an,,- R repreaent t.t.,~ total load. or the total resistanc~ of 

the ~truccurAI element. Therefore. Eq. ~-J9 yields the total 

react ':>n "t the .upport. 

, • 4 DAlCPED SYSTEMS 

All structural systema oon~in dAmpi~9 to sa.. degree. 

It CAn occur in severa ... fOnl .. incl~~ing internal t. 'ietion in 

stru-::turAI l1l.lteri.l •• ~-rAcLon 10 ••••• sacci.ted with sU .. -

t:'~ge between .tr'lc::,,~al cceponent. and resi.tance to IIOtion 

pl~vided by air or other fluids aurr.oundinq the atruct"rt. 

aJl 

The u.port&nce (If d&Dl.piog in dynuaic Analyse. depends 1acqely 

on the C'Mractecl.t1c!' of the appli~' load And the time ~f-.an 

of intere.t for .lructural response. It 1s qenerally 0',' greater 

ai9ll1ficance in pr?bleae of continuing vibration H.dl; those of 

~&Jim\lM response under short duration loada. The 9~neral ef

fect. of d~i.n9 Ar .. to oppose IIOt101l$O, reduce amp1.ltud<till of 

vlbrt'tion and reduce systeJII ,)tre'luencies of vihration. 

It i. generally ••• wned, for purposell of Analysis, that 

.uuctur"l dalllping is of the vhcoua type. Thi. typE.' of d.'llllf'

ing p~duce •• for{'e which is, proportlonal to the velociqr of 

the 114 •• al.<1 .it ia repres.,..,l':ed by the daahpot in r j g. 9-111 (~. i • 

The difterential equation oi action become. 

~ + cx + kx - F(t) (9-4.l) 

where c is the dampinq coefficient. 

For t~e case of Co~lomb. or con.~4nt friction. damping 

ahown in Piq. 9-18(bl, the equation of motion i8 

Hi • kx ! F f • F(t) (9-,41) 

where P f i. the frictional force which alw~ys acts to oppose 

the motion 0 f the masll. 

.\8 fr,r the undamped ~se. the ao':utions to Eq. ~-40 ar,d 

9-41 depenc Oil the nature of the forclng flmction aoc the 

initial eonditi?na of the system. In crder to demo~s~rate 

the eff~cts of dampin9 on a vibrating sy teJl'l, cons:der the 

case of free vibration of the system shown in Flg. 9-18,a)_ 

For F(t) - O. the 9811er41 solution to t,q. 9-40 is qlven by 

x ,. -6<- t(;o • e","nXc, 'n" t • X cos ~dt n ,tn ~d 0 
e I "'d 

(9-42) 

where 

Xo • velocity at, t - 0 
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Fl'lure .-It o.l"ped a1nqte Deqr .. of 'Or...-vdoe Sy.teaa 
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r.que. 9-1. rr~e Vlbratl0n of o.~ Slnqie DPqr .. of Fr.eda. 
SV8tea 

SOl 

_ .~ __ ...... ,!OJ ........ ~.t't.:.>Q" .. ,* . .<t. ~ .... ~_~~W'''l>:,~,...~_",.,_.,_..,_ 

.0 • dl.pla~nt at t • 0 

War • .lIi 
• • cIccI' - ~1n9 ~alio or fraction of critiCAl 

~ill9 

ccr • 2,iM • clltical daap1n9 coef!icl~nt 

"0 • ~ ~ • cl.-pea n.tural frequency of ayate.e 

Equation ~-.2 1. applicabl. only for ~ < 1 . 

ri9ure '-l~ is a plot of the free vibration of a vi.~ou.ly 

d&apec! .1"91. d.9r •• of fr .. doa syate. witt. an ini.tial d7 .• -

pbc.-ent. (Th<i r.spons. of the .y.u. with Coul.Ab dl.'Ullping 

i. ciailar to tha~ .hown in F1~- '-19 except ~t the de'AY 

of peak &IIf li tuc:. is lin.ar.) 111. upli too. ot "ibra t ior. 0-:' 

the IIYst_ d.er ..... In .ach eycl .. and the ratio o! .uccesdva 

118placar.ent aapl1tudes 1a glv.1'I by 

1--r--::J2 ,--,. 
lln+1 • • -2.6W1N/./~ - Ii w., -2tf8Nl - a-
x - • n 

(9-43) 

The natural logaritha of Eq. 9-43 i. referred to ~. L~e 10]ar

ith:ai(" decreaent and i. often used as a )-ef-:4ur. of dMlpin<.;. 

As &! apprOAch •• 1, the fr'--:uen~ ot vibra~ia .. aprroaches zero 

and when B • 1, the aolion ia no 100ge:' p<l;riti_ic. The .'llcmnt 

cf daapin9 .t tht. ?Oint. i. known as ccitic...a1 dUlpin9 t~ • 1). 

Sy.teae with dampin~ greater than critic41 are .aid to be 

o",,,rdazaped and are of 1irlliutd \dt..r •• t in p&:ote<:u.ve construc

tion applications. 

The .-.ount of d~~ir ,~ur.d 1n .o.t .tructur~. is .uch 

1 ••• than critical. '!'ypic.l value. fall t.et\l~.ll 5 and l~ 

percent (Ref. ,-1) and t.h lIi .....ount of dA.laping only ali'1M ly 

afftecta the n.tural fn'q~cy of vibr,'!tion, i. •. , WId • C.9iS Wlp ' 
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1Iowev"r. t.her1l b • g'r'elater e{~ect on tM -.pUtude of free 

vibratlona with each peU app;""~lti .. t.aly halt tbat of the pre

c:ed1ll9 peak. 

~ .tfect of ~in9 on forced vibration. depends on the 

natu.. ... of the forciACJ func.:ion. Por the ca ... >t a system witt-

10 percent of critl.:.l cl4uapincJ. lnitlaUr .t r .. ". subjected 

to a .lIddenlr app1ie4 conat.&.&t force, P J' t.'l. ... xiauta re.pc..1H 

i. 1.75 P o/k. h'ca Sq. 9-7 for an un4aaped syat_ subJected 

to the ... \IIe load f\&nC:tion, the aaxu.ua r •• pon., i. 2 Polk. 

Sial :ar \l! fferenoea are encoWlc.ered between th.' d_~ and '.1n
darr~ c.... foc other loading function. of int.c.at in pro

toc~i .. construction. 

If a .ystea i. .ubj.ct~ to periodic forces of 10119 ~ur.

Uon, with ~riod. near that of the .yst_. dUlp, nq c~n be of 

SNell greater iJIIportanl..... Por ex&IIpl •• rotati", 'iery 

placed (A\ a .hoc)t-.oQftted floor could .,wJ",,;t t.b. 8, bU~lII to 

a force of the f~ra 

P(t) • "0 ain lilt <9-44) 

where 

III • frequency of rotation of the .. cblnery 

~o • aaxiaua ~p1itud. of force 

~~ aaxiaua &aplitude of :he ·o~c. is proportional to the un

b~!~oed 8.S. an~ lotational frequency of the .. chinery. For 

the genar~l ca.e of an elastic syst .. with ~pin9. the maxi

au. t!ynuIi..- load f_ctar is 'liven by 

1 (9-45) 
~ .-~ r--- 2w" 

{ - (W~ + 4 l:f-Vr ~ J III .. 

Exaaination of Sq. 9-45 indicates that a. III appro.ches 
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"'N' the HiI"'p0nse of ar. und~. system (f .. C) be COllIe 0 infinit-ely 

lArge. This condition. ~ • ~~, is knowl as resonance. 

It is obvious that- at- a point near resonance ~ven a 6Qall 

&8IOWlt of d&lllpinq can ha"e a .. ignifiClint effpct: on systIC1\) re' 

l'PonC'~, Althouqh r.:aonance ia very ul'll'ely for ::1IOst- stn..c

tllral loadin9~ 0: inteleat in protectiv..! <.'onstruct-ion, t.he de

si'lner ot' analyst a!',culd be alert tc the poaislbllity ot ob

ject! "lilable IIOtion8 (rca other c.uc~ •. 

9.S RESPONSE TO SUPPORT M01IONS 

~.5.l £. "ne~&l 

\nother very ~Mportant ClASS of prnblems ~ften 

encoWlt~red in protective construction d~s19n and analy&~[ is 

the re.~.108" of • ayat_ to II'IOtion ?f ita base. Two eXa/l'ples 

of thia t),pe problem are the , "'sponse ot a strlcture to ground 

shoc~ and th~ r.spon,. of a shock isolcted platform to support 

aotiors. 

Motlon of the supports 0' .H:r'.lctural elements 

can signi.ficant-Iy .sffect the 10lildlng anc' ~'eSf>Odse of the f;le

IK.:Jlt as well a,1 the load it transmit-s tc ltS s_,Jports. Such 

IIIOtlons aig:'t- C,tu.e a reduction in tht! Ic)ments 4:1d shears in 

a closure .ystem or beam or the loads ~~ a b~rled structure. 

Conversely, t..1C)' -can 41so cause greater absclut~ 411d relative 

C:isplacement. iIlnd &ccel~rations of the- suf'txlrted element. In 

some instances, it 1-1 possible to incrrp<)!'&te m'lltlons of Ule 

supports into a dynAmic analysis by U51n~ a modified sprlrg 

resistance: in others. it i. nec0ssa.:y tc' analyze the sys1.em 

as a ~ultiple degree cf freedom system 

Figure 9-20 represent. a SIngle de~ree Ol fr€e

dOlI! syst.em s.mjected to a base motlon w~id, is a functlon of 

tin.e. The general e<'uel-10n of motion tor thiS system l~ 

c· • k 
A i M(~ - yl + MlX - y) " 0 (9-46) 
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.• IS' 2 
x + 2 ~u + ~Nu • 0 (9-47) 

wh.ere 

Ii - x - Y .. relative velocity tx!tween '1Iafl! M and sUPi>Or-t 

u - x - y • rela .. ive dist-lacement betweer' M dJ'd support 

Anc':':ber fona of Eq. 9-47 is 

• 2 
ij + 2S~u + '-'lfu y :~ -48) 

where 

i .. ii + Y 
Eqcation 9-4d ia more ~onvenient if the disturbing function is 

described in terms of a support acceleration, y. 
For undamped systems, Eq. ~-46 can be written 

Mx + ltx .. ky ("~-.19) 

and Eq. 9-48 (notinq that w; k/~l in the form 

MU + ku .. -My (9-50) 

Noting the similarity between Eqs. 9· 3, 9-49 and 9-50, lt i$ 

seen thcat if the "ariation of support motion lo". i.h time corre,,

ponds to one of the forcing functions shown in Fig. ~·"4, ano if 

the substitutions Fo • kyo or Fo • -Myo are made. Eq~. 9-6 

throuqh 9-9 are also solutions to Eq8. 9-49 anj 9-50. In these 

8ubS'i;itutions Yo and Yo are taken equal to the peak values of 

SUPPOlt dibplacement and acceleration. ccspe~tlvely. Similarly, 

the appropriate dynamic load fact0ca from ~i~~. 9-6 through j-8 

can be uf>ed to estimat(' lh~ peak restlOnse ot a system. Fo.: ab

solutE: displacements of th ... 11\465 described by L1. 9-49 

Xmax .. Yo X {9 ~ll 
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and for relative displac..ents described by Eq. ~-50 

Yo .. 
u .. x 2" X ... 

N 

('i-52) 

Use of Eqa. 9-51 and 9-~2 is subject to the same a8sumptions 

~s Eqs. 9-6 throu9h S-9, i.e., th~y are applicable only ~o 

elastic, und .. ~ single d~gree of freedom syatems init~a:ly 

at rest. 

9.S.2 Shock Resprynse Spectra 

In lJeni.lral. a st.ocJt respon.e spectrlDU is 11 

plot of the peak reapon.e of an el •• tic, undaaped sing]~, de

qree of freedom syatea to a given tr~n8~ent input as a func

tion of the systea natural frequency. Shock spectra have a 

wide variety of ap~!.c&tiona in structural dynamics and pro

tective construction. ;.ncludin<1 lIIOdal analysis af lIIultidegree 

of freedom syst.ema. SO ... of the basic shock response spectra 

concepts are introduced in the following para<1rap~~. 

Consider the syatea anown in Fig. 9-20 but with

out the d&mpinq el..ent. The force in the spring at any in
stant in ti~ will be the spring constant k ~ime& tha relative 

di.place~nt" u. ~hleen the support and the 111118S. In the 

elaatic range, the energy stored in the sprin9 at a::y point 

1n tillle wi 11 be 

u .. -} . u 2 (9-53) 

If this st~red enerqy were i~stGnt~neously converted to k:netic 

energy, that energy could be expressed a~ 

1 2 
U - } Mv (9-54) 

vher~ v iti the velocity of the ~.s. r~uating t~e Above two 

expr~ •• ion. for energy leads to 
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Ik 
v - iM U - wNu (9-55) 

The velocity defined by Eq. S-5 c is not a real ve~ocity and ilt 

ouly equal to or approximately fh~ual to U e true relative velo

city for certain 8up..,ort motions a"\o f:e-'1u.lncy ranges. Accord

ingly, the quantity v eoa found a':x>ve is of "en called th~ pseudo-
velocity. 

Note that: for ." undamped systt."m. E'i. 9-47 can 
be written 

" 2 
x • -"")lU 0= 

From Eqs. 9-55 an1 Q-~~ ;~ ;~ 

"\rU - v 

~ .. "-Nil 
u.w 

';~en that 

it 
wN 

(9-3(i; 

(9-51 ) 

The quantities u, v and i i~ Eq. 9-S7 are instantaneous values 

of relative displacemdnt, pp~udo-veloclty and absolut~ ar.celer

ation of the mass, and it logically follows that th~i. peak 

values are similarly related. Setting 

D :a lui max 

V - Ivi .ax 

A .. Ixi max 

(9-581 

then the quantities D. V and A in £rstems witho'-,t dampin':l Jrust 
also satisfy Eq. 9-57 ar.d 

WND • V - ~ w 
N 

(9-5~: 

.equation 9-~9 also applies approximate},)" ft.. systems with small 
&Jn01'nts of damping. 

A convenient way of prt-Eenting Eg. 9-S Q which 

relates ~ ',.lues of relative di6place;l':~"lt, psel.1do- ~ocity, 

Accelerl"tioll of the mass. And th~ system lwtural frequency, is 
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~ith ~ 4-way l09arithaic plot. Taking the loqari~ of Sq. 9-59 
leada to 

log (liN + 109 1) • 109 V • 109 A - 109Wo (9-60) 

The.e r-e1ationah;pa are abown qualitatively in Fig. 9-21 where 
any bori~t.l line in the figure hA. the equation 

109 Y - con.tant <9-61) 

and represent. a l~ne ~f coG~tant peak paeudo-velocity. Si~

larly. any vertical line is a line of constant natural frequency. 

log 14M - constant. (9-62) 

ften frc. Eq. 9-60 

109 D • log V - l~ ... - CONlt.a.nt (9-63) 

and 

log A • log Y + 109 ~ • con.tant (9-64) 

~~.tion. 9-63 and ~~64 represent lin .. of peak re~ative di4-

plaoe.ent and peak accelerat~on of the ..... respectively. 
Equation 9-63 will be • straight line w··b a slope of plus 1 

and Eq. 9-64 • straight line with a slope of ainus 1. 

Figure 9-21 is lllerely one of aany way. in which 
shoe.1t response spectra can be portrayed. Any re.ponse :?ara
.. ter plotted as a function of a spectrua of frequenciea can 

be called a sbock respons~ apectrua. It is often found conven
ient to expres! the various response paraaeters in diNen.lon
less tors by n~rmalizing thea w;th respect to the .. xi~u. value 
of the input function. The r •• u~t1nq r •• pons. apc;tra can then 
be applied to a wide ranqe of input !unr.tions havinq siaiiar 

variations with time. Peak valut:& of these nora...lized uan
titius ~an be considered peak amplification factoL& fer the 
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par ... tere of inUt .... t. 'bock r •• po ..... pecua for .in91. 
degr .. of -n;-.dca .yat.aa are diecu .... furthllr below. 

9.S.1 El.atl~ Singla Degr" of Preedom Shock R~spon_~ Se:!ctra 

The reaponM o~~ a 81ngl. de4Jr .. of freeoa aya· 
t_ to aupport .,t,1ona ia. of COurM, at.l-Oft'll, depend.nt upon 
both tM phyaical characteriatics of the ay_t._ and the nature 
of the support motion.. Aa not...s previously, the reaponse of 
ela.tic undaaped s~gle c!woqr .. of fr..soa syst:e.ll to fo~r type .. 
of .uAJOrt: .,Uon e&a be deterail'llbCi u.i89 Sqa. 9-6 throu9h 9-9; 
prov i.ded appropr iete t.er1U ue ueed for the forcing function. 
a.ferlWCC. 9-1 and S-t pre_!\t ratber ertena1.e ueataotnts of 
~he effects of varioue 1Aput aotiOll. on eboc:k r.aponae spectra 
and the c.)etenainatlon of peak r •• poIl" Yf !~ •• 

10 order to d--.,o.trate the u .. 0: a shock re
epcm ••• pectrua, coosider a rect&A9Ular acceleration input to 
CMt aupport of an .ancl...,.s .1rl9le ~ .. of fr4Hl4ca syate •• 
Tbe aaat.. relatt,,,.. Qi4lpl.Ct.t8ent betw.'. the _ •• and th' 
auwort., eich ia alao the 1MXiaJa defor._tion of ~ aprill9. 
i. given by Irq. 9-52. If All acceleration pul .. durat.ion to of 
0.5 .e0004 and d peak a.plitud~ Yo of l~ ~r. aa.~. a shock 
r •• pon_ apec:tru.. auch a •• bo¥n in FiVe t-l2 can tY.- COl\suucteC 
by uwin'l ... t.ua dynaaic load factor. f~ Piq. t-, in Eq. ~-52. 
Piqur ... 9-22 ahol ... the ... ~ relati .. d1.pla~t due to the 
rec::tLDqUlu acceler.tiOD pul .. a. a function of the .yet .. 
circular natural fraquency. If it weI'. d.~ired to choo_ • 
.yat ... ..rbotJ1l IMXUIua aprinv deforaatiOft WOtlid DOt exceed 10 
incbee (25.4 ca), P19. '-27 abow. that tne .yate.·~ natural fle
quel'lC"j' would have to .le 9I'eater than about' rad/ae<:. Alt.rna
t~v.1y, if 1t vere known that the svat .. of inter.at tAd a 
natural frequexy of 5 rad/NC, the aaxt.a apri.ng defonution 
to ba expected would be in the neighborhood 0: 29 inches (73.16 
ca). With the specific seal •• used for its coocdin_te axea, 
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"'1.q. ')-21 III Applica.-l. only to .y.teaa subj~ted to the a.swlted 

support motion. ThlS particular vavefora ia of little practic~l 

sl.qnificance in protective construct lon, aince the support velo

..:ity a';sl'r:il!ltt.J vith t.'le rectangular aceel.r.tion pul.e never re~ 

turns to ~ero. 

A four-VQY loqarithlllic respon ... pCictr .... for a 

triangular velocity pulae 4npUt is shown 1n Fig- 9-23. AlthOugh 

Fig. 9-~3 15 for a particular input WAvefor. (a~tr1cal tri

anguloSc ve~.;city pulse),. it is considerabl}' IaOre 9-'11\eral than 
Fig. 9-22 becau»e its coordinate .cales are in di~.ionless 

fOl111. Not,e that t.he frequency p4raaeter i. expre.ae4 in terms 
of :h~ prodact of pulse duration and sy.tea frequency_ Peak 

r"lativ~ di$placeaunt. p~uedo-velocity and ~sa acceleration 

.sre ,,\11 expresaed as ratios to the eorre!lpondlng slolpport ao

tion parameter. _hE three support motion ?Ar ... te~s are re

lated by .~le 9eametrical conaiQe~atlon. eo that ~ichever 
pe'\k va~\ie is apecifiei the oth.r two can be readily calculated. 

The notatlon t. ~ to at the top of Fig_ 9-23 indicate~ that for 

v.lues of tot lesa than 1.0 the aAximu. response occura durlng 
tree vibration after th~ disturbing function haa returned to 

zero. Flgure 9-23 is ~sed in a .. nner ai.i1ar to that d.~ribed 
for Y°'1. 9-22 except that. the 1i.ven par&metera auat be traflS

formed into di .. naionle.. fora al~ the d.ta obtained fro. the 

sp . .!.!ttua. IllUSt: be transformed into absolute value. of the para

meter of intere~t. 

Vote that only peak values of the rJapons. para
meters ale obt~ined fro. the r.sponse spectra ~~ that thea. 
valuer a£'c strictly app1ica::>le only for the given vavefonta. 

Refer~ncp 9-8 presents a large number of spectra p:ots for 

var iou', types and sh"pes of i"put wavefot1aa. e.9., triangular. 

sin~ and parabolic support velocity and diaplacement functions. 
etc. In addition. procedures are qiven for constrllctinq ap

proximate spectra plots when the input velocity or disrlace

~en~ wav~form is not known pree~$ely. 
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The effect of dam~in9 on the r.spense of &n 

eldstic single deqr~ of freedom syatea ia indicated in Fig. 

9-~4. As ~9ht be expec~ed. the ~ffect of damping on the 

{cspons'" of a s1nl1e degr-.e of ("eedom s;.stell't subjected tv 

base supp<"rt IIk>tiona js to redul'e the .eak. values and to 

smoot.h out irre9uIari ties in the reap"nse c\:.~-ves. 

':'he undaaped c\..rve (6 • 0) in Fig. 9-24, .\1-

t:'lou<,Th for a half-cycle ~rabol;c velocity pul ..... {!II seen t.o 

be not too different itl general _'hape fraa the curve .-;,f Fi~. 

9-23 for a syametric~l triangular half-cycle velocity pulse 

input. It ~.~ be concluded. then. that the response of an 

ur.-iaoa;:x:<i eyattllll is not greatly affec.ted b!' the waveform dif

f~r~ncer bet~n the e~trical trLangular and parabolic 

pulses. 

9.5.4 Elastic-Plastic Si~gle Delree o~F~d~~ 
Res')()ns<: Spe.:tra 

As <Jiscus.eJ in earlier par.lgraph •• it is 50111e

ti:uelS advantageous to allow a sy: teal to yield when su:':jected to 

dynamic loadti or base .otio~a. One iNportant applic~tion of 

this con~~t is the dedigo of s~pport. for acceleration ~ensi

tive :.t. .... ~~ of equiF8t..nt. 8)' allowing such supp~rta to yield, 

it j~ orten po.~:~le to li.it forces or accelerationa tc levels 

lower than those which ~t'ld caus"! eq>Jifillent faihl~~. The 

inelast~c response of th~ suppor~~ ca~ses .tgnific~n~ changes 

in the shock response apec~r. for the .y.le~. If th~ npring 

in Fig. 9-20 has an elastic-plastic resistance function as 

sho~ in Fi~. 9-25, it is necessary to consieer the e!fect 

of spr:.ng yie:ding on ~he response of ~~~ ~ss if the spring 

Ylelds before reaching it. maxir'~ displdc8rknt. It is con

venient to re~ate the maxLmua respc~se of the elastic-plastic 

system to that of an el •• tic system having t ~,~ sCUlle stif.'I'c.~ 

a& the initi.: stiffne •• of the elastic pl~5tic system. Re

ferring to ~j9. 9-25. we can d~fine II reduction tacto~ to be 
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t 

!lilhere 

u .. 

u y .. 
and 

c • 
a. u .... ~ 

a&X~ relAt~ve 41.pla~nt of relat~~ ela.tic 
.y-~ .. 

(i-6:.; 

• yield rellAt:ive dl.plac ... nt of elf_ tic-plcBtic .~ at_ 

~ aaxtaua r •• i.taace ~! ela.tic-pl.~tic .y$t~~ 

a.. - «1 "'28 (9-66) 

For an ela.tie .y.~ea, R. and "'yare equal to .~ .nd u ... re
apectively, aid the r~uet~oD factor i. equal to "'~~ty. 

The du~tility f.c~or (Eq. i-I'} ClAn ~l~Q be de
f1ned 1n teras of relative d~aplace.ent. a. 

~ _ u. 
uy 

('-67) 

where Q. 1. the ..xiaua relative dieploc.-ent of an elastic-pl •• -
tic .y.t..... B<.,;-Ao.tlon 9-65 can ~hen be written in the fora 

c.~or~-\.Ic 
~"'- u .. 

(9-68) 

for •• y_t_ wlt.hout daJ'QPlng, the spring force 18 propor ... innal 

to the acceleration of lhe ..... Therefore, 

.. i •• c 
Jr-X;; .. (9-6', 

vbere x. and ... d~note aaxiaua ab.olute ~cceler.tions of the 
...... 1n the ela.tic-pl •• tic L~ ela.tic .yat .... respectively. 

The relationship bet.veen elaat.i.c and eiastic

pla.tic ~ingl. degree of freedo •• ystems for three li~itinJ 

fo!..., .. uf support action are described below. In eAC~l c~ .. the 
.y.t .. 18 undamped and initially at rest. 
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lnataD~ Di!pla~~~. !'or an 
iaat".llt.&neowl 4Js;;ruc-..nt chaA9. the lriUal ... alu. of the 

relative t!iaplaCrMAt. will be eqt:41 to Yo 'or both .lastic 

arl~ el •• U.e-pl&atlc ttyau.s. Sinoa there 1a M e4dit1o~l 

energy i.n~ut to ti-. ayat.ea. t.nb w11:' a1eo t .• the abaolute 

..xiawa defo,:a.iUo ••• an4 the reduc':ion factor froa Sq. 9-68 

with '\a - u.. - Yo via be 

c - ! It (9-70) 

ftda r.l.UoDOh.· .. p i •• 180 applic.ol. to apta.. .ub~4tCt.e4 to 

iAput cUapla~ta where the ria. tiIIe 1a _11 ~ec:l to 

~.ba r .. turd period of the -retell. 
Instantaueoue VelocHy £h!nge. wtum a .yat.ea 

ia su.bject6.1 to an inet.ant.anoc.ua ~loc1ty c.luaacJe, roo U\e 

eneru ia..l)U~.ecI t,(, tbe ayat.a ia i .r! r89ardle •• of whether 

the 8yatal i. elaatic OlL eluUc:-plutic. By equating enet-· 

gie. in the equi~.l~t elastic ~ ~'e elaat.ic--pl .. tic sy~to.. 

(SeQ rig. 9-l5, at the point of -.xt.ua defo~~ion. the re
ductioo factor ia fo1lft4 to be 

1 
C - /llJ - 1 

(9-11) 

'ftLi. relatiOftahip 'lao bolcSa for an arbitruy input. wavefora, 

provided both ela.ti~ and ela.tic-plastic syat ... r •• ch their 

absolute aaz~ di8pla~ta durin. free vibratiun and the 

elAatio-plaatJe afatea does not yield during forced vibration. 

'ftLis require. that ~ yield dlsplaoeaent of .. the elastic-plaa

tic ayst_ be *lUI \ to or greater than thP llaXia ... deforaation 

of the ela.tic aystea dur1ft9 forced vibration. It should &~sO 

be applicable to sys~ subjected to quarter-cyclr velocity 

pulM .. ~r. the rise tt.e 1 .... 11 co.parGd to the system 

~tur&l period (i.e., halt-cycle aocel.ration pulses of short 

duration) . 
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Instantaneous AC5fdaratio.l Ch .. !:~.. Tne reduc

tion tactor for this case can be sboWI! to be (Ref. C)-8) 

1 
C-~ ~9-n) 

~i. relationship would also be applicAble tor 4~~eleration 

pul ••• with a short rise time and long duraticn compared to the 

nAtural p~riod of the systea. 

Table 9-9 aUJlllWlr ~ z.s values of the r • ..!ductlon 

factor and the rati" u./ulQQ ( .. IlC) corresl.oOnding to different 

value. of ~ tor the above three input functions. An eXamina

tion of tne data in Table 9-9 indicates that a relatively 

...11 8IaOunt of inela.tic acti-.:>r .:an produ'.::e d sign'.f.icant 

reduction in the required yield resist.Ance, Rm' 1 t is l\lso 

obvious that for 1.1 values of 1.5 or t~sa, tne reducU.on factor 

and rAtio u';~ are relativelv insenei tive to t.ne furm ot in

put. This is not. true. however, for larger val<lt's of .... 

Respense spectra fo::: elaatic-f !.dst.ic sy-tell\S 

can be plotted for specific values of lJ in ./l fOPll'St. SilT,UAr 

to that for ~lastic aystema.. The pseudo-vE!loc!. ty, v, for an 

elaat.lc-p14"tic .yete. ia defined Oil the basis of the lnitl.al 

elastic range of thr load aeformation relation for t~e system. 

v .. ~Uy (9"73) 

Note t}\at ~ i. th.:t undamped nat.ural fH~quency cvrresp'>ndi!19 

to k, in Fig- 9-25 and that ~ is the yield dc:on«ativr. and 
4 y 

not tt.e .. xi.~. relative displacement.. 

Thr paeudo-accelflratio"l, A, for ,1<1". ~las .. ic-plc.

tic aystem is defi:led &s 

2 
A • ""N'II (9·-74) 

For an elaatic-pJastic £ystem without daMping, E~. 9-74 is a180 

equal to the peak acceleration of the ~o&s .. 

922 

. ~'~,~ 





1>-
I:: 

i'~ 
~ ~ 
1_, ~ 
0) : 
-:-; .: 

a:> '; ~ ::-

Iv 
C1'> 

" !i 
f: .. 
" T 

," )0, 

/I 

Flqure 9-26a 

2.0_~--. 

0.10 0.1 O.S 

V .. lue of t f 
o 

DElL,rmation Spectra for Unc:.amped Ela"Uc·Pl.a ..... ily .. :;ellla S'lbjected to • 
Ha:f-Cycle Parabolic Velocity Pul~~ fRef. i :: 

II 
1.O~~~'Y._8_t ___ 8_W_l_th ___ B~a_o_.)_'\ _____ ~, ______ ~ __ ~-'~~~~~~r-------------+------4--~ 

fI, ., 

,), ! 

" 1 

I':' 

',j 1: 1. Ii.' (, t t 

Fiq,nt! 9-i"'b ;if:tDrm,1.tl""Tl ;'·f·(!(trl' for El.HI~l('-Plil!H'_· S'/RtPM!" "',U Tel': Yfr<':"f>nt Crlt:lci\l 
il;1!'!::_,)n<] Sut)l(~(_'ted t.e) a t1alf-Cvcle Pdrat)l~(. 1v'pln~:~r'r' ):lu I s,..< ~f~€f. q ... AJ 

, 



~'-~~ ,.~".,~~~.~~ ..... '--'.~'.~~'. ~ ~t")o'>~e:J;" __ ..-w.e""'OI<"I,,*~~fJM~~~~..,·~_" 

o ..... 
I 

G\ 

~ 
~ .. 

fill 

3 
::> 
A. 

~ 

~ 
~ 
t.: ... 

i 
.c 
A. 

~' 
~ u ;.. 
t) 
I 

~ 
.... 
" (I) 
w 
;:, 
~ 

~ 
foil 
(I) 
2 

i 
(I) 

t! 
~ 

~ 
(I) 
M 
III: 
-< 

~ 

I 
I 
I! 
'0 • .. 

In ... 

"" ,... ... 

-I" ,... 0( 0' • • ... JO 0 

~. ::t .... "'" N 

t'f ... 
~ 

,... 
N 

"'" 
o 

• 
II' 
N 

• 
o 

• 
• .... 

.,. 
o 

"" .... ... 

~ 1 
,~ 

11\ .., ... 

. "" ~ .. ..; 

o 

;... 

N 

o 

" • " 

... 
o 

N 
N I

, 1(_10 ,... 
1_ ~8 .; on 

-------4 

a
Z I i~ I ~ ~ 

::J - .... -' 

0-
C ... 
Q.GIl 

~ 
o o 

o 

~ 

o 

.. .. 

o 

.... .... 

o 

.; 

... 
o t 

I 

I §. I J 
l~ ,_ 

N 

1 
I N .., 1"'1 

327 
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'_he natural frequency of t.M iMlaUon .le .... nt ia the parARMItric 

variable that dlstlnguiahaa on. ~! iaoletlon ~yst .. desiqn 

f rQI!Il anc ~haT • 

Th. trade-off l~it diaqraa (Ref. 9-i6) pre.~nt. 

pe.k acc.l.ration of the 'aolated object as a iunction of rattle" 

apace required. In the caa. of the trade...,ft limit (5141srea, the 

iaolation el ... "t: i. an Ideal, paaai". conatant force devtc,". 

A device of thia aort inatantaneoualy "xerta a con.tant force 

which ~aaist. r.Ia '~i"l diapIac ... ut between the iaelated obj~::t 

and ita base. Fi9\re ~-17a .howa a acheaatic and tne vel,}City

tu. hiatory of the conaunt torce illOlation system. At. POUlt 

1, the velo.;:ity of tlw iealated obJect haa rQ.:iche" tne 'velocity 

of the baa.. Area as 1 repre .. nt. the peak relative diaplace

III8llt between the object •. ,:6 the ba •• up to the tilM! at wh' :,;r. 
the velocitiea aat.::hed. From point 1 to point l. th_ celativ. 

velocity ~tween object and baa. 1. reversed. IV ~tl •• pace lIS 1 

ia recovered auch ~hat at point 2 the obier~ is in ita original 

position relative to the ~i... aetw~ .. n pcints 2 and l. rattl.

apace lIS 2 is accw.,ulated. 'l'he greater of as 1 and RS 2 is the 

peak re .. ative dl.placeII!em. requireO. It can be ahown (Ref. 9-17) 

that ·or a given pe~k acceleration or. the laolated obJect, ;he 

.in·~u. po.sibL. r.ttlea?Ace required is achieved with u.e of 

juat .. Ilch a conatAnt force d~vic.. The trade-off limit diagc .. 

preaent. thia optiaa11\ min~ua rattle.p~ce ~. a fUnction of 

peak acceleration on the iaolated ubJ~ct with t~e i~iat.oc 

!orce level aa ~he PArametr~G Y~riable that di.ti~quiahe. one 

~e.lgn froa another. 

It has beer., found beneficial to pres~nt tile re

apon, 0: conatant for"e iaolatora to a specific wavef0,--m in a 

.. nner that will allow direct COIIIpariaon to ~l.t" a::>r'!t c;onlrc;,:n

tional .ingle degree of freedca le5ponlle apectrUIII. Althou<]h 

the concept of freq\~e.ICY ha. nc,; .. aning in the caae of conat.nt 

force lealatora, a p8~udo frequent:y can be def!.H.d blUed up(:'n 

the pertoraance c." t.M ayatem. 
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ri~r. '-2'a &~amatic and Velocity-T.me Hiatory u' Constant 
FOTce .aolation Syatam (Ret. 9-17) 
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." ...... \t 

Uain<j the c4otlationahipl:. de.---:r ibP<; Fl:.· viousl 'I, the 

ratt1~.PAce or .. xiw\~ relative dispi&cement, D. can be dcter

.ined for .. qiven IIIllxill1\la allol#4bl<.! acceleration le-el. A. These 

values, coup:ed with the ~ ... ic shock spectra approdcn can be 

uaed tu define .. paeudo frequency 

2 A 
wp 0 

and the =orrp~pondin9 pseudo velocity 

v •. ~- • '" D 
"'p P 

The_ p&r4lDeter!J can then be plotted ~n l.t.e typical ... ho<~k spec

tra 4-way loqarithmic plot to inc ieate the beillt possible i.sola

tion perfonu.nce. This pIc"., alo09 with the mv;"f; conventional 

&hock 5ppctra Cl,Xvea, can better lr.tOrttl the def' l '~nt~r of the im

portance of ti-e ground ahoclt envi':-ol"UlW!nts ilnd li~n· .... t! to provide 

a baaie for cc ~par iaon of t.t>4 r-erfo4'Jn,ilnce I)f a se It'cted 1s01a

tion achelae. 

As an example of this comparlson. se~ Flq. 9-27b 

which COIIIp4re& the reapcmse of both linear unda;r:,,"."~ si:191" de"' 

gree of freedOlll isolators with the optimUJIl i;;;01<1 '" r wh<=n $\,1U

jected to a particular l.nput waveform ~6ymlt\etrlcal tClany'dlar 

valocity pulse). 

9.6 HULTIDEGREE OF FREEDOM SYSTEMS 

9.6.1 General 

In IIlOlit install<:es. it '5 not pos~lLle to re~'re

aent " real structure by a single d~,gree of f r'eed,,'-;l systt'lIl 

with aufficient accu1.cy. ThIS is partIcularly ttue If It 15 

nece.aary to describe the motIon enV.Tonr"ent or detern,ine 

etre.al. at: various polnts in the strllctcre. In UI.'~e In

at.ancea the structure must b<2 analyzed as a nlult "':""''1t"ee of 

freedoa Sratp.m and ~he complexity ot t.he I?rol)lfOlf tnC'H'",,,eS 

830 

......... 

"'""-

) 

" 



r---p"'''''- t 

~ 
~ 
I 

~ 
i 

/ 

Y
:: 

'/' ~-\,' 
/. ! 

o 

,:;7Y-l~ 
"'. '.' 

" co 

t 
L 
to 
t-
~ 

~ 

/- ~ .,// 

'/ 'Y 'f f . 
1-

i 
\.._---- i I 

~~,~ 
~-"'. 

c 

... ~ 

, " ~_. __ Jlll ."'> '\ I~ 

, Xl,.. 

t ~ .~""~ 

831 

~ 

0 
4J 

~ 
;.; 

~ 
.;;: ., 
:.t: 

1Il .. 
" 
~ 

0 • 
I:; 
E-
o.> 
:"'ilt 
.., '" 
'0-; - co.. 

c ~ .. ... t 
f"! -- ~ I.i 0 

Q) 

:> 
... .' ~ 

-e ~ 
~ ::"' 
~ .:: 
~ <e 

: : 
,,-. i-

;;:~ 

'If 

~ ..... 
I:: .; 
"- ~ 

~t 
O~ 

-"l ,... 
'" ! 
<7' 

~ 
:.. 

... 

since the.e are as IUiiny modes o~ vlbratAc[i as ~her~ art.' deqreea 
of free<i<llll. The nuraber of de9cecs ot fret"jom 18 eqlla to th.t' 
nUlllber of independent c')ordiIllH.ea required to cf.:.tllr-ie·£ly det:ne 
the conflQuration of the str~ctl.lre .t a!~ timet.. . n the molit 
qcnerel cc'a€, 51l< c,.>Ordlnat~a are requl[~; co oeseclhE tile po
sitlon ct e.1C'h 11\4811. Slnct. roeal structures <1fe dlr,::rl:HHe<l m.asa 
systems with intinl':e .!;;:-:;!' ..... of freedom, 11-1mpliflca·.'O~i~ dee 
nortl'ally neces5a:y to pernllt analY.ila. H," ;;-,:~l str~,'~\lr"" 1S 
uSl~ily .ppro~imateJ ~y an assemblage of flnlte, ideal.zed 
substructures or ele'ments WhlCh are connected lilt: ol t.~lte n~~,
ber of node pol!.ta. The tyves of elements most cOlmlon'~) ,-;ed 
include becam-colU1ftr.s. tension-compreas;·n, bar&. tlla.h, _ Lar 
plates. quad:ilatera.i plates, tetrar:edr' .. ~~s, ht:x ... h~.j:c;os an..! 
simple springs. Jis!;rlbut~~ _lises are normal~y !l.,;.Il.'.i;cd at 
node POl~tS. FigurfO 9-;8 shows some 'l!r...,le eX<1tnpleo ( flnite 
element representatlons 0f ~eal structur€b. ~ven th~s~ slrn~le 
atruct-lrea can b'Cl ap,'rOXll1WJted in o ... hel Wi ys. e.g., t,,~· <>!;ch 
cou .. d be modeled "'Sll1q re,~tan9ul .. r or tll<l:l'Jular pl.Jte pl.,'!itwts. 
lbe rectan'iular structure ~ould be modeled u61n'J pla.te: e,en ... ·,ts 
or .. combination of plale ~nd beam elements. etc. 

The locatlo.n of nod ... po~.nts 's detecnanwi by t.he 
an<llyst and 18 based on cOIlSlderat;.uns of LOollC 'ilstclbu, '('ll. 
real Sl. .. '·cture characteristlc.; and in!ormat1.on ceq\.'r~J trotn 
the: analysis. EfflCi?nt flnlte element cepr~r_nt<1t\cn C)f com
plex structures r€'qulres con~lderdble eJo.,?e'::len_e anJ H.,,;.,.;~t 
on the pa~t of the an6]vst and very llttle gen~ral qUld~n~~ 
can be provided. Increasing the nu~~" r of node !)QUlts _,llmls 
9ceater detail in the anaIya!"' but does no! ;eceSSdCllj .s~u[e 
a proportionate lncrease !T. the a..:curacj ct the result:.; 

In some forms of dy.larlc dnalysia, e.g .• t:'e 
mcx1al lI\e~t,od of analysls. it 1S n.:""essarl' to d.".t!CIIIlne ~·,e 
nOrlllAl modE'.'Ol of vlbratlcr' 01' thE's' rue' He. The numher 0~ 
node points dnG the fret;,dolll of lII;)tlon dilcloed eact-. node ,.on;t 
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deter;uines the num~r of modes of v.brdtlon posslbJe in the 

fini te element represc'ltation. Tn thref' oj imcnsiona 1 [Jrobl ems, 

a single no·je point may have as many ao; SlX jegrpcs of freeoom 

(3 translational and 3 r0tational). lr ~~actice. sume of these 

uegrees of fre-edom are often restrained to .·educe the coP,pllta

tior .... l eff')rt. A finite element model has tl:e same number cof 

nonnal modes as degrees of frt!edo:,~. ASS0clatei Wltr, each mode 

of vibration is i1 frequency and char,~c+_.;rlstlC' shape. 'fhe dIS'· 

tinguish·'ng feature 0" a norl"al mode is that the system could, 

u",der certain ..;it"cumstances. vibrate freely in that mod'? dIone, 

and during such vibrations the ratio of the du;pJ aCe:1lcnts 01 

any two .nasses is constant with respect t.o time. The I l"1b('r of 

mode shapes which should be illcluded 111 c!ynamH': analysis de-

p~nds on several factors including th'·~ _~OI~etry of th.:.· real 

structure, the frequency spec~rum of the loadlng f'lnct-on and 

the purpose of thE analYf'is. If tht' c·'Jcctive ; s to detennine 

shock inputs to an item of equipment, ijn ~tem sens~tlve t" a 

bread spectrum of frequencies W"uli reY,-llre th,' inclusIon of a 

greater number of modes than one senSl t 1 V~ to a narr •. ,. t,(i)\d of 

f:equencies_ A compl~x lnput motion als0 lustif~es the inc ~u

sion of a greater number of moee shcpe:c u,an a _'imp1e sinu:>oid~I' 

input. In the absence of other COlltrol.llnq factors the finlte 

element representati;.II> should allo', e~:u action of mode shoJp':<s 

corresponding \..0 frequent les at least t", h- thac of tlw uf.!!J('r 

limit of tile frequency range of lnt,'1e",-. ~cst computer pro

grams u~pd for d z-Ilamic dndlysis allow t.ll\' estdc..' islurent of .:iL 

upper cut-off frequency fer the an .. lys,,,. ; i 501"(> ., ',st:,;,c"'s 

~he number of .'lode points w:l1 be limlt~·,. "Y the cap'J))~l.td;!.' 

c.f a comr)utE'r or computer proqram. t.\, h ',]'Jh SUPW I.-royran\>. 

such as NASTRAN are limited onl} by C(W"",it.e' sL); .qe C lpal::dj j ty 

comput.i"t ion costs rapl.dly incrf?asp w} t n lh,· .ll~'lrl'l's of I, C,·d'.lIn 

allo .. ,'.} tl'e mathl'(ratical meJel. 

node poi.nts 

An dl~dit~onal ":()fl'~1derat ;U~) 11. th(. spaclnc; of 

lris~s in toe co~outaLior· ot st.ress.:s in an element 
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A closer spacing l.S reql.lired in regions w!lele high atre!::. ' 

gradients are expected. Since the !inlte element ~pproach 

assumes stresses ~o be ~nstant over aome types of el~~nts, 

i coa:- ... e spacing of elements could .>verlook significant 

stress cc~c.ntrations. 

Tl.e coapl.ltational effort conr.ected ~i th thf' 

... nalysis of Inultide,':-e< of freedom syst.elU rapidly increases 

with the n'.t~r of de91~es of freedom. AI~houg~ up to three 

or four de<zrees of f' ~dOll' 1Il.t:oht t>e h~l dIed by hand calcula

tions, moet ~robl~" require the use of electronic comvu~ers. 

Proq1.a!II8 such .::~ !J11~TRAN. S'i;"ROYN!:. S~M!,;ON, DYNA'l'IER. SOILTIER, 

INEl.ASTIE:i. arod $AP IV include both static ar.'" dynan.lc 4nal::

'1.' ~:apability. Except for t..le SAMSON and lNELASTiER codes 

t.:·,,,,1LY..)ve proqraJ\18 are limited to ] inear-elaatic mater .. als. 

Thes'" a::.l other sirailA_' pra<;rams normally are desi'iJned to ac

cept simFlt~ delScriptions cf memter properties, structure geo-

.etry alld ~ oad ctlaracteristics and offer various opt 1.ons as 

t.::> calculate,l p.jrameters. Optional loading tunc' ~.ons in

clude static ,c ti,,~ varying loads O~ displacements at speci

f ied node ooi:-.ts. Outpui.. options ~nclude normal mode s.'lapes 

and !.-equencies, respc1!1l1e his"ories and stresses in mere:..:.ers. 

Most progr~~s also i.clude ~0me form of check for errvr~ in 

input d'ta. 

Certain simple Ir,,,ilt tdt:grec c·f freedom sy",tems 

de lend the'llsel'Jes to hand computations. In some cases the 

mathematical te"hniques I1sed for analysis ,>ire identical tv 

t.h,..,se used in the computer !)r<."lrams; in others, ditf€r~nt 

roe::.hods of analysi, "re more convenient. The follow~no pala

grat:t's of this section intr·odt..ce some of these methods as 

well as other aspects of multidegree of fre~dom systems. 
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9.6.2 ~'ree Vibration of Multidegree of Freedom Systems 

An importent first step in most dynamic analyses 

ill the de-t.ertQination of normal modes o! vibl'a~ion in.:luding 

characteristic shapes and frequencies. Exper ieneed ana1i'!4ts 

can often draw imp<'rtant conclusions regardinll the :iynl.mic re-

8po.~lue of a sy!>tem to specitied loads from its normal Ir.odes '110ne . 

The natural frequencies and rhd~acteristic shapes 

of an undamped system havi~g N masses and N degrees of freedom 

can be obtaine~ directly by solution of a system vf N equations 

of motion. ~ith no external forces applied to the systerr the 

equations of motion can be obtained by considerin~ the equ~1i

brium of each mass in the system. The equations would hav~ the 

form 

M1Yl + kllYl + k12Y2 + •••• AINyN = 0 

M2Y2 + k 21Yl + k22Y~ + ..•• k 2Ny N : 0 
(9-/5) 

~YN + ~lYl + ~2Y2·······kNNYN 0 

where t~ k's are stiffr~8s coefficients, wliich are spring con

stants or combinations thereof. For example, the coefficient 

k12 represents a for:e ap9lied to Hl due to a uni t displacem~n" 

of M2 in the direction Y2 witli cll other y's equal to zero. _he 

vurious y's might represent displacem,nts in different d;rection~ 

and/or rota~ions about different axes, ar.d the determinat ion of 

these stiffness coefficients alone represents a large computa

cional effort for complex stn'ctures. The system of equationq 

can be soJ .... ed in variol3 ways. For example, it can b'.l shown tl.at 

vibration in a normal mode is alvays harmonic and, if .. olutions 

of the form 

YI • A~sin wt:i Y2 - A2 Bin wt; - .. YN - ~sin wt 
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~8 ... umed and .ubatitut~j in Sq •• 9-75 and terms are rear

rarged. th~ syst_ of eq·lation • .Mtcc.es 

l 
(~l~-Mlw )Al + ~lzA2 + •••• + klNAw - 0 

2 
k21Al + (k2~-M2w )~l + •••• + k2~ E 0 

(9-76) 

2 
~lAl + ~2A2 + •••. + (~-"Nw )~ - ) 

A non~rivial solution of the .~v •• yat .. of equation. exists 

only if the det.rainAnt of ~~e coefficient. of the A'. is equal 

to zero. Expar.sion of tt e detriJllinant or the.w coeffichmt. 

yi.tld. a frequency equ&t~on which can then be solved for w. 

~herp wil~ be N r.al roots to the fr.quency equatj?n; aome may 

be equal and aa.e may De Z~TO. Each val~e of w i8 Bubstitut£ . 

back into E1. 9-76 to obtain a set of amplitude coefficients. 

~. for each frequency. Th ••• coefficients d.fin~ eh. charac

teri.tic st.apaa for .Olen ·r"''.&U~!lcy. 'l'!ley d.fine the relative, 

not U:lsolute, a.plitud. 0# motion lit each node point. 'fhi .• 

type of p!'"utlttlll is called a character i.tic or eigenY' 1,·;:, pro

bl~ and ~ne quantities w~ &_e called characteris~ic values or 

.igenvalues. T:.e char.cteris ... ic shapes are often called eigen

vectors. The direct solution of the frequ.ncy equation become. 

extremely cumbersome a. the number of mnd~s increases and it.r

ativ. or approximate .. thod. ~t ~olution are ofter. used. 

Figure 9-29 .bows thr.-e differ.nt types of un

daaped two degree ot freedom .)-.t.... The system shown in 

Fiq. 9-29(a) is described ~s a tar coupled system sincp. a ~e

sct~on is 9tonE.rated &t the support by a displacemunt x2 even 

If Xl is equal to zero. In the close coupled system of Fig. 

9-2~,b) only adjacent aBases or node point. are affected by 

• di~?lacement of anyone mas.. For the system shown in Fiq. 

9-2°(b). Eq:;. 9-7~ becOllle 
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llllX l + (j{l + k2i xl - k 2x 2 • 0 

(9-7':') 

~2~2 - k 2x 1 + k 2x 2 - 0 

Th~ correa pondi:.9 equations for the two de<)ree of freedom sys

tem shown in Fig. 9-2~(e) sre 

mx + 2kx .. 0 
(9-79) 

Ie + 2kd~e '" il 

where ~ • mass moment of inertia. It is seen that ~he coor

dinates xl and x 2 a,.pear in b<:--th b;s. -j-";7 while x and '" each 

appear ir. only o.e ...;! Eqs.· 9-78. E -,uations 9-7, are t.hus 

coupled, and detenninatiC'n of tile -e~ponse of the system re

quires ::i multa.1eou5 solut.ion of two dl ffert:ntial equations. 

E"w. tlonr 9-78, on the other hand, are uncoupled, and t!:1e sys

tel;) response can be found by svlving each sep.lrately as an in

i;ependent single degree of freedom syst-<mi. It lhould also be 

~oteJ t~at the number of degrees of fr.e~om does not necess~rily 

correspond to the number of masses. The system shown in Fig. 

9-29(b) will b~ Jsed to d~nstrate thE method of solution of 

thQ e~uations 0f motion. 

Sinc( the free vibratio~ls are harmonic mot40ns, 

geneu:l so:utions can be assumed of e\e form 

Xl • a 1 SiL ~t + ~l cos wt 
(9-791 

x2 = a~ ain wt + b 2 cos wt 

~lnce "ine and c.:)sine fUl1ctions "~ff£..: only by d phas. angle. 

the above expressions can also ~~ written 

Xl Al sin ( ... t .. ¢) 

(9-80) 

X2 = A2 sin (~t + *) 

,,39 
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where Al and A2 are peak amplitudes of the F~tion. Substituting 

Eqs. 9-80 into Eqs. 9-77 leads to 

2 
[Ot l + k21 - ml~ ] Al - k2A2 - 0 

(9-81) 
2 

-k2A1 + (k2 - ID 2W I A2 • 0 

The determina.nt oi the coefficients must be equal to zero for 

a nontrivial solution so 

2 
(k i + k 2) - mIw ] 

-k2 

-k2 

(k
2 

- m2w2) 

Exp.lnding the detenninant And sc '.ving for ~.' 2 results in 

W
2 !.{kl+k2 + k2 +-J(.~~2. + ~.?~.) _ 4kl~'~l 

2 ml m2 - 'rnl f112 ; m1fil2 , 

(9-82\ 

(9-83) 

Equation 9-83 is the frequer,cy tquation for the 

two deg~ee of freedom ~yst€lll, and it defines two values of w 

(disregarding negative values) which satisfy Eqa. 9-80. These 

are the natural frequenci':!s corresponding to the two modes of 

free vibra':ion of the Syfi -,.n. Depending upon the conditions 

which initiate the motior. vibrations may occur at either or 

both of the natural frequenci~s and ~t any a~plitude. If ml • 

m2 - m and kl - k2 • k. Eq. 9-33 beccmes 

2 k ~ 
w • 2m (3 t • ) 

or 

WI '"' ~8Tk7m and W2 ,r2-:-m---,crm (9-84) 

The lowest natural frequency, Wi in the case abo':~, is called 

the fundamental frequency. 
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The characteristic shape associated vith each 

f,~tur&l frequency is found by substituting the values of w 

t~ Sq, 9-84 into Eq. 9-81. Taking m1 - -2 - m. k1 - K2 • ~, 

iln~ "'-' - wI' Eq. 9-81 becomes 

(2k - O.l82~)AIl • kA21 

and t~lb AlZlp1itude ratio is 

A2l ... 1.618 
~~ 

For the &e<:ond ..ooe F\t. 9-81 beCX:%!IeS 

A~2 
(k - 2.618k}A12 - kA12 and A~2 - -0.S18 

The first subscript on A aeaiqnat.c ~he mass (or node), and the 

second subscript designates the vibration mode. 

Altho~9h it is ~ot possible to determ1ne Lnique 

val~ea for the ampl~tude&, the amplitlde ra~ios do a' low d~a

cript10n of node shapes since they hold true for all ULsp!~ce

mE.,ts By asslq~in9 a~ arblt~ary value on on- amp1~tude, all 

o~er ampl;tudes a~e fixed in relative magnitude. If the twc 

degree of freedom system of Fig. 9-29(b) is as~umed to repre

se~t the two ~tcry frame shown in Fig. 9-30(a) and an arbri~rar}' 

value of 1.0 1S assigned to Al fcr both modes, the modeu shapes 

are shown in Flqb. 9-10(b) and ~c • 

If the system 15 ~ibratin9 freely, i.e .• no 

~:,pli.ed loads, 3 ..:omple'l~ solutlon is obtained by SUllUlIing the 

pcssible .;;or.trloutions from the ;;wo mode~, e.9., 

Xl ~lAll sin WIt J C2A~1 cos WIt 

• C3A12 sin w2t + C4~12 C~. w2t 

X2 ~ C!h21 sin wlt + C2A21 ~~S WIt 

.. C2
A

2 ... in "2t .. ~4A22 cos w2t 

flU 
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Figure 9-30 Natural Mode Shapes for ExamrJ.e Two De"iree of 
Freedom System 
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The constants Care det"rained from the initial conditions of 
t.l problem. 

If th~ lni~~al co~ition. xl • Xo and x 2 - xl -

X2 ~ 0 at t • 0 are opplied to the above equations for the sYJ

tern under con.id~ration. it ia found that 

C1 - C1 - 0 

C;t - O.276xo 

C. - O.724xo 

ar.J the COMplete svl~tion is 

XI/Xo • 0.276 cos wIt + 0.124 ~s w2t 

'2/xo - 0.447 cos ~lt - C.447 cc' w2t 

These equations are plotted a. a function of tlTI in Fig_ 9-31 
to i~lu5tTatc the early portion of the szstea response. (The 

contribution of tnE second aode is inc~rporated into Fig. 9-J~ 

by lIotl.n9 that T2 '"' T l wl /w2 - 0.382 T1 .) 

A very important feature of normal modes of 

muli...ideqr:e of L-eed('t1l syst."!!H is the ort!lo9onality of any .:.wo 

modes. The orthoqon~lity condition may be expr~.sed bv 

Jr. 1
AllAl2 .~ JIl2A21A22 + 1n3AnAl-z_+ 

N 

L "'lAirAis .. 0 
l~ 1 

(r"s) 

(9-85) 

where ~ is the degrees of freedom ~f the system, Air is ~h~ 

am; • it'..Jde of the i' tt. mass ,or node) when vibrating only _~ 

the 1'th mode: Ais i~ the amplitude of tt~ 1'th maS8 wher 

vibratln'? ~~l¥ in the -'th mode; an~ "C and 8 designate .:ny 

twc I.orma) modes of the system. Fo:>c a two degree of freedom 
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·yst ... M • l &Dd Eq. i-'~ ~~ 

-1A11&12 . aZAZ1A22 • 0 {9-S6} 

III the eXa.I(,je .yat_ tre&t.ed above, a l • ~ • aJ All • A12 -

1.0.1 1.21 • 1.611, A22 • -n.61S - and Sq. 9-86 abow. that 

Ca} (l.O) (1.0) + ~a) (1.618) (-0.618) • 0 

a. required by the ortro90nality condition. 

& aecond .. rthC'90nality con4ition re.ults frOlll 

the inertia and .prill9 fol'""_". tleinc;r 1D equilibrium lIben a .ya

t_ 18 vibrating in a QOrQl -..1£. 'J.'bJa condItion -.r be ex
preusftd by 

• k k96.gr~.· 0 (r,f.l (9-87) 

where kg ie the .tiftne •• of the 9 ' th .pring of a .prin~. in 

the S)"stellitl ~gr ia ..he distortion of the 11 I th spring in the 

r'tll natuxal .ade; and ~9a i. the distortion of the g'th sprir'" 

in the 8' th M_tural .ade. tror a b«. degree of freedOlll .ysteJll, 

k1AIIAll + x2621A22 • 0 

For the previoua exaaple. 

Xl - x2 .. k 

611 - "'12 1.0 

~: • A21 - All • 1.61d - 1.0 • G.S18 

A2l - A22 - Al2 • 0.613 - 1.0 • -1.618 

reaulting in 

(lei (1.0) (1.0; + (x) (C.618) (-1.618) • 0 

(9-lJ8) 

and t..~e •• con4 orth09onaUty condLtion if. satirf1ed. ?roof 

of the above «~t.hL.~ona1it~ conditiol1s is presented in Ref. 9-7. 

A8 ab.ovn in later paragrapha these orthogonali ty con~ltions are 

extr ... ly uaetul in acme types of dynamic analysis. 

The Stodola-Vianello pl lCedure is a nun.erical 

iterative procedure for soluti~.l of the equations of Illotion of 

a aultidegree ot freedom system. It could be applied to a sys

tea of equations su.;:h as Eqs. 9-76. Al though the LUI ie proce

dure ia simple, ita application to other than siJ.lpl,_ systems is 

ag~in difficult, if not impossible, for hand calculations. The 

,"roce~s is started by assuming a ;::haracteristic shape for ttle 

aystea, i.e., a s~t of v.lues for A .. These values of AN are 
i). 2 • 

aub~tituted in one of the Eqa. 9-76 and a value of w corres-

r-onding to this mode shApe is computed. This 'Jj2 va _.ue and the 

a •• umed aet of '"N .... 8 then used in the remaining eq,.ations ..,f 

Eq. 9-76 to calculate 0 new 8et of ~ values. The calculated 

aet of -'N is then u8ed a8 a new ini tial set and the pre'cess re

peated untf1 accerlable agreeme~t is obtain~d bet~~en the ini

tial and calculated values of~. The w2 term corr~sponding 
to this se+; de! ine8 the frequency of tha t mode. ThL pl-ocedure 

will converge on either the highest or lc'rest mode d"!pendir.g 

on whethar stiffness or flexibility coefficients are ased to 

develop the equatl.ons of motion. Other mode sha~es ate obtained 

by application or ol:a of the orthogona ~ i ty cor.:li t iOIIS. The pro

cedure is too lengU1ly to demonstrate in this manual, howev,-:::, 

it is described in greater detail and delllOnstrdted by example 

in Ref. 9-7. 

Another method of analysis is better suited to 

obtaining the fu.ldamental mode of vihraticn of some types of 

systems and avoids "he [A.'ed to calculate stiffne15s or flexi

bility coefficients for the system. It is vario':::;lY refen::ed 

to a. the modified Rayleigh ~r Stodola method bu the b~sic 

operations are the sarne. Since the Rayleigh-slodola r-IE::-_hod re

quires the calculation of deflections due to ve~tical loads, 

it. UBefulne~. for hand calculdtions is also limited to simp:e 
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~y~t~~s. It is an iterative procedur~ based on energy prin~i

ples and also recruirt:$ the as~tion of a trial IlKiJe ahape. 

It can be combined wi '.n finite difference aethoda to analyze 

a wi~e variety ot str~ctural elements. An initial aode shape 

is as~~ed and correa.~nd1n9 inertiA torces are calculated. 

Thes~ inertia (orces ~re '?plied to the syatea and displace

aents ~re calc~lated. The proc.ss is repeated until the de

s:red agreement is oc>u.illed bet~n' trial and calculatJd mode 

shapes. For a lwnped IIlASS system t.h ... frequency is ohuined 
frOB! 

wh,,"rc 

l 
III 

N ,. 1: Hi .i ti 
i-l 

N 
A-I;M.<.-,2 

i"'l" i 

¢i : assUMed mod~ ~hape 

41 i .. computec: mode shape 

(9-89) 

A" '" arbitrary constant such that 1.".1 is the cOlllputed 
defle<...tion of the i'th mASS. 

J'he dead load deflect-i.o;, ot the system is nOB'~lly a 'load first 

tr:al "ralue of the fundamE:ntal mode shape. ft. aethod can be 

made to converge to h19h~r ~e shape& by eliainatinq lo.er 

lovde shape contribut.ons '.1sinq a svecpinq procell. based on 

orthClgor:3.1ity conditl.ons. The Rayleigh-6todola met.hod is 

c{~:nonstr.:'ate" in paragraph 9.8.1. 

9.6.3 ~oda!_~ethod of Analysis of MUltideqree of 
~ed:.'E.:.. Systems 

Tn the modal method of analysis. system responses 

in ~e r.ormal modes ace determined seoarately and then superim

~sed to obtain the total response of the .ystem. As shown in 
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following paragraphs, J.\; is qene1ally POS8 )le to select a 

coordinate sYL'tem 80 thAt the &qua'-ione of'moti.)n tOl: the SY8-

tea a~e uncoupled and each no~l mode car be treated as a 

ainqle degree of freedom system. Because the m'~thod utilizes 

the auperp".i tion technique it 1a only a: ,?licable t~, lint"arll 

elastic sy!'ltems. It is widely used ill C .... ulputer progra.l\~ fC':,: 

the analysis of multidegree of freed:>m ~ ·~tdllS. 

The »~dal method of an6'\ s 1~ presented in 

the ~ollowin9 paragra!lhs utilizing met:::: notation. Some 

familiarity with matrix notation is a.Jsu ~;d and Ref. 9-10 is 

8uggested all a comprehen.iv", treatment o. this subject. The 

two 4egre~ of freedoa system shown .in Fl ' .. ' 9· /9 (b) is used to 

IDOra clearly demonstrate some aspect" (1" !:hu met.z1"d. Equa

tions 9-77, wh~ch are applicable to this system, can be ~on

sidered a 8peci~1 case of the gen~ral ~~uations 

m11x1 + -12x2 + k11x1 + k12x2 = 0 

(9-90) 
m2lxl + m~2x~ + k21x l + k22x2 x 0 

which are wci~~'m .I.n cCit;;-l .... .;;.t4;.~',on as 

(a) (x} + (k] {x} - 0 (9-91) 

where 1m) i. the mass matrix, (a squ~re matrix) 

[

!lIU 
[~] .. 

8121 

m12] 

m22 

(9-92) 

The acceleration vector, {x}, is the c~lumn matrix 

(X) or::] (~-93) 
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The ~li~!~~~8 .. trix, Ck), is also a square mAtriA 

k12] 

k22 
(9-94) r.

u 
IJe} • . 

tt21 

The diaoplaceJDtitnt vector, {xl, i. the column matrix 

rXll 
{x} .lx~ (9-95) 

and th@ force ¥eCtor (zpro in this case) i. the column matrix 

CO) • [: ] (9-'6) 

'the convention .. l rules for aU.ltiplying .qwnc and cC'1W1ll 
aatrices should be apparent f~om compariaon of Eq. 9-90 with 
Sqs. 9-91 through 9-96. 

All undamped two degree (·f freedoa ay.tea equa
dona of ~tion ca.n be exp~eaaed in ".he form of E.qa. 9- 90 and 
9-!H. T:,e equ.,tiona vf motion for an N-degree of freedolll sys
taw c~n ~lao be expressed in the form of Eq. 9-91. however. 
the order of the .. trices would change. Th' .. as and stiff
ness matrices would have N COluml. and rows. and the acceler
ation. displace.ent and force aatrices would have N rOWd. 

The matrix fora ~f Eq. 9-81 i. 

(rlt] - ",2 (raj] {A}. {a} (9-97) 
It is called the characteristic equation of the system. As in 
the case of Eq. 9-e:, it h: I a nontrivial 80lution only if the 
det~rminant of the coefficients of {A} vani.h~8. i.e., 

! [!I:] - ",2{m]! _ Q (9-98) 
Expansion of Eq. 9-91 resulta in the freq·~ncy equat~on of the 
system ,e.g., Eq. 9-83 for the two degree of freedom system of 
Fig. 9-29(b». For general two d(]ree of freedom syatem, 
Eg. 9-~8 beCOlueS 
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_\.,...::t:_,;.,:~_,. ~ 

Ir.:: 
Je121 

k2J 

w2 I' "'11 

~m21 

lIl. ~ll 

mnJ! 
'" 0 (9-99) 

Subtracting the ma~s matrix from the stiffness matrix results in 

!tl2 - w:m121 

k22 - w mn I
kll - w:mll 

k21 - Ii. ro2l 
(9-100) v 

Expunaion of ~he determinant 0: Eg. 9-100 yields a quadratic 
equation in w2 

4 2 w (mllm22 - m12ro21 ) + w {~12m21 + k21ml2 - k11m~2 - k 12m1J 

+ (k11k22 - k 21Kl2 J 0 (9-101; 

Solution of Eq. 9-101 le4ds to four values of w, !Wl and !w
2 , 

but again the negative values ~f warp. of no physical aignifi
cance. For the syst~m shown in Fig. 9-29(b) 

}'ll :E kl + k2 

Jel2 .. -k
2 

k21 .. -k2 

k22 '" -k2 

m
ll m

l 

ml2 '" 0 

m21 

m22 

o 

m
2 

substitution of these values into Eq. 9-101 lea.d3 t·) the solu
tion given by Eq. 9-83. 

The general two degree of freedom expansion of 
Eq. 9-97 is 

r" k12]_ .' r"" m12] 
[::1 [: ] "" (9-102) 

k21 k22 ro21 m22 l 
or 

[kU - .'mll 
2 ] 

[:.:J [:1 
kl2 - w

2

m12 
(9-1U3) • 2 

1t21 - w m21 k22 - '" m22 
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Perfcrminq the ~atrix _ultiplicat~on indi~ated in Sq. 9-103 

lead~ to 

2 2 
(kil - W -ll)Al + (k l2 - w -l2)A2 - 0 

2 2 
(k21 - ~ -21)Al + (k22 - w m22)A~ - 0 

(9-104) 

kl 4l'1plitu<ie rat.io can be obtained from either of the above 

ecuations 

A2 ~ _ (kll - W:Lll) or 
Al \Je12 - w m12 

_( kn - W:1421) 
Je 22 III llt22 

(9-10S) 

VSlng values previously aS8umed for the bxa.ple of Fiq. 9-29(~) 

~ll - kl + k2 • 2k al~ - 1Il1 - a 

lI.12 - -k2 • -k a 12 - C 

k21 • -k2 • -k -21 - 0 

11.22 ... k2 - k -22 - ~2 - " 

2 
"'1 z 0.382 kIm w~ - 2.618 kIm 

If these values are sm_'stitut.ed in either of fi:'1s. 9-105 the 

re~ult8 are identical to those obtained ~reviou.ly. i.e., 

A21 ,. 1. a8 
Ail 

A22 • -J.618 
'\12 

In qener~l. ~~e set of differential equations 
for a'\ N-ie.gree of freedom system "il- b~ coupled. If the 

off-diagonal terms of the mass ~.trix ($.~ •• mI2 and m21 in 
Eq. 9-92) .ire not zer~. ~...he equations ()f motion are SAid to 

be coup':'ed inerti ally (or dYilanu.cally'. If the off-diago.lal 

terms of the stiffness matrix (e.g_. kl2 ~nd k2l in Eq. 9-94) 

are not zero, the ~uations are sale to be coupled elastically 

851 

(or statically). For the two d~ree of freedom aystaw. repre
sente~ by Sq. 9-77 

(m) -
[

a l 0] 
o _. 

[

(Jel + J(2) 

(Je) -
-Je2 

-Je2J 

Je2 

anil it is aeen tha~ the aquations art' coupled elaaU.,;al.'.y, but 

not inertially. The two matrices blD~diatel .. above are also 

syDBetric, 1.e., m12 - ;a21 and Je12 • Jr-.n · 
The coordinatea chosen fur systems up to this 

point have corresponded to the displacem.mts of the masses. 

There is n~ compellin~ requirement that ti,i. be the case, ex
cept that it is generally easier to relate the equations to 

the pbysical problem under conslderation. ior example, the 

coordinates 

Y1 · xl. 

Y2 .. x2 - Xl 

could also have been chosen to represent the s~'atem shown in 
Fig. 9-29 (b) • The equa.tions of motion in t.:.cmB of tl eae new 

variables would be 

m111 + klYl - ~~~2 - 0 
,9-106) 

m211 + m,92 + k2Y2 • 0 

or in matrix torm 

[

ml °1 t'~l] [kl "k21lY1] [0] 

-, ·2J lY2 +. '2. Y, • • 

(9-107) 
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Even wough the two syatea. of Eqs. 9-77 .r>d 

9-106 appear difAerent. they are equivalen~ since they de.

cribe the .... phy.ical syatea. There are .any .~ts of in

depel)de.ut coo~din&tes which .. y be chose .. to reFresent ... 

• ~ltice9r~ of freedoa dyna.ic system. Any set of .uch coor

dinat •• may be referred to as generalized coordinates. The 

only restrictions are that t~e number of coordinates .ust 

equal the d'tqr_s freedoa of the s'Vstem and the coordinates 

aust he ca~~ble of describing ~be configuration for all tine. 

In the above eJtaaple, thl" coordinat.es Yl llnd Y2 are not too 

convenient •• ince they result in equations which are coupled 

both inert~ally and ela.tically and n~ither the ...... matrix 

nor stiffness aatrix iE syaa8tric. In general. it will al

WAYS t~ ?Ossible to solect a set of coor~inates ~o that [m] 

~ld fk' Are dia~l matrices ~ud tt.e ~at~ons of motien are 

Wlc-,upled. The advantage of tmcoup~eQ equationr. ' .• significant 

.in~. it &ak •• po.sible the ~reatment of an H-uf~r .. of freedo. 

syatea as N .inl~e degr .. of freedoa .y.t .... 

A .et of coordinate. Xi can be rul.ted to a 

different .et of coordinate. qi by a general tr~m.formation 

n 
Xi • 1: Bi q (9-108) 

ral r 1 

wh'=e the coefficients Bix arot C"nat&:lts. In ~ttrix notation 

Sq. 9-108 ~oomes 

{x} - [B) {q} (9-109) 

Equ.tion 9-9L .ay be rewritten in terms of {g} as follows. 

[Ill) [B] {q} + (k) (B) {ql - {OJ (9-110) 

Preault '_plyi.nq liq. 9-110 by the transpos. of +-h.;. transforma

tion IUtrix. [B~T. result!! in an equation analegoua tc, P;q. 9-91. 

fM}{q} + [K){q} _ {I\l (9-111) 

8'53 

where 

(MI - (8) T [mIIB) 

(K) • (B]T(k) [B) 

In Eq. 9-111, [M] and (K] are s~~etric because fm! and [k] 

are aynnetric. 

It is possible t() tind a tran~iuLh,,;,t:ic:. !!'.etri,,: 

(61, which will cause [M) and (K} to be d1agooa) matrices (all 

off-diagonal ~erros are zero) and render Eq. 9-111 both iner

tial1y and ~lastically urcourled. L der such a transtonna

tion. Eq. 9-111 becomes 

vh£re 

r-M.J{q} + r-K..J{q}" to} 

C"H..) • 16}T(m][SI 

l"K..J • IS)T'k)[SJ 

(9-112) 

Equation 9-112 ~e?re6entB a set of ~ uncoupled differenLial 

equations of the 'ype 

Mrr <r Ctl + Krr qr Ct ) '" 0 (9-113) 

which are sir .• ilar to that of a singJc deg .. ee of freedom system. 

The orthogor . .11ity of the na'::ural modes of vibra

tion forms t:le baS'is for determining the appropn ate transfor

mation matrix [e). The orthog0nality condition (Eq. 9-851 . an 

be expr6~8ed in matrix form c= 
T 

{A (r)} 1m] {A (8)} '" 0 (r,-s) (9-114) 

where {A(r)} is the column matrLx uf amplituoes fur the rth 

mode of vibration. This column matrix.is called the rth modal 

vector, Tht: am~litude of the i th mass (or coordL."te) vibrat

ille;, 1.0 the rth I\Y'de is written Air' 
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~ewritin9 Fq. 9-91 aa 

{k] {A (s) J .. ,} [m) {A (5) } 

• 
and premultipii:'9 by {AIr) \T shows that t~e orthogonality 

CO;1'~ 1 tlOil can a 1 so be WI ten as 

r 
{A (r.} (k} ~A :sl } .. 0 (rJls) 

For '" Ii, eqa 9-114 and 1·1 .. 5 are not equal to zero ;ut 

':1eld valJf':s 

. (r' l' 
Mrr {A . (1'.] {A (r) .t 

T 
K ... {A (rl i {k} {A (r)} '"' U!2M 
rr r rr 

(9-:'15) 

(9-11*') 

(9-117) 

·.~ere Mrr lS an arbitrary constant which depe~ds Lpon the way 

in which t.be modal vector:.> ace nortn-llized. 

The modal vec~ors {A(r)} ~an be arranged in a 

square matrix of order N called the mod~l matrix, 

{A} .. ({A (1) HA (2) } ••• {A (rj }. •• fA (N) )] (9-118) 

[

All A12···Alr···A~~ 
A21 ., ••••••••••. : 

A;1···· ..• Arr ·• .ArN 

~ ~2"-"""~N 

Each co;umn c~ the squa~e m,t~ix of Eq. 9-118 is a modal vectcr 

c.>rrespond:.ng to one of th(- N mode shapes of the system. Thu!), 

t .. ,,,, orth0<1or.',lity condition can bE" wr\tten • 
l-'lT{m] [A] • r M-l (9-11~ , 

--iA1T[kJ (A1 l"'K.j a r-w2M-J (9-120) 
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where i~ M.J .:-.nu l'K.J are diagonal matrices of 'terms corct::"

pondinq to Eqs. 9-116 and 9-117. Compariso~ of Eq~. 9-119 

and 9-120 with Ea. ~-112 indicates that an uncoupled system 

of equations awy oe obtained by transforming coordinates using 

the modal .... trix, i.e •• 

:x} ... (AI {q} 

In addition, if the modal vectors are n~rmalized such chat 

r 
{A (r)} [m) {A (r)} .. M ,. j 

rr 

then Eqa. 9-119 and 9-120 become 

,,/ 

[AlT(m) [A) - Ul 

fAJ T [k] (A] .. [-.}.J 

(9-121) 

(9-122) 

(9-123) 

(9-:"24: 

where (IJ ia the identity m .... .:ix (all diagonal terms ar"" one. 

and all off-diagonal te~as a~e zero). When normalizej tn this 

'ly, the mod~l vectors are railed an orthonormal set and the 

equations of motion (Eq. 9-1:~becomd 

{ q j .. r- J.J {q} " { c } (9-125) 

which represents a ~et of ~ uncoupl~d difterential equations 

of the t~pe 

ij.(tJ .. w
2 

q (e! • 0 
.. r!: 

(9-1:261 

Equation 9-126 lias lolutions of the form 

qr (t) .. Er sin',Jrt .. F r cos wrt (9-127) 

where Er and 'r are constants determined by the initial con

ditions. E 1I.:.Ati'm 9-1~7 can also be written 

~r(t) ~ Cr cos (wet - t r ) (9-128) 

... here the cO"lst.ants Cr and ~" are amplitudes and pha;;;e angles 

determlnE"d by the initiai conditio·,s. 
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Employ1n9 Sq. 9-121, the complete i.ee vibra

tion 501ution in t~rklS of the physical coordinate' x becomes 

N 
{x}.~ [A){q(t)} E 

pl 

{A (r)}q (t) 
r 

(9-129) 

wh~re qr(t) is given by either Eq. 9-127 or !q. '-128. 

For the two d~9ree of freedom syatea of Fig. 

9-<<l (b), the mod .. l vecturs have been determ.ir.ad previously to be 

{A (1) } 

(Alll (AU I 

-IA'll 11 .. 10A11 

IA12l I Al2 

'I~"I -O .• 'OA" 
then (Eq. 9-118) 

{.,(2)} 

The ~~al matri~ is 

[ 

~ll 

1& 1. 618All 
rAJ 

Al2 ] 

-0.61SA
12 

Normalizing according to Eq. 9-123. 

r::: ~: :::::J r: :J 
r All 

~ •• 18All 

A12 J 
-0.618A12 

(9-130) 

(9-131) 

(9-132) 

· fl OJ 
- 10 , 

perfOl~lng th~ ir.dicated ~'trix multiplications yields 

,

. 2 2 
InA U + 2. 6l8IIIAll 

mAll AL? - IllAllA12 

.oA U AI2 - mAllA
l2 .1 

n~l22 + 0.j82~AI22 

Solving for All and hl2 r~sults in 
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1 ·r~~'. M ~~'. . __ ~\I'~\ 1 .,,'i 

rl 

lo 

01 

,1._133) 

' •. < ' ...... ' 

All. 0.5257m-l/2 

A12 = 0.8506~-1/2 
(9-134) 

Substituting Eq. :;-134 into t:.q. 9-112, the modal mat.dx is then 

CAl 
m -12 fo. 5257 

lO.8506 

From Eq. 9-129, th~ solution b~comes 

0.8506] 

-0.5')57 

Xl = m-I/~!0.5257q (t) + O.8506Q2(tlJ 

-1/2 x2 = m (O.8506Ql (t) - O.52S7Q2(t)] 

(9-135) 

Taking qr (t) in the form giver. by Eq. 9-127 and suL~:t 1 ,-uting 

in Eqr. 9-H5 

-1/2 .• 
xl = n (0.5257 El Sln wIt + 0.5257 Fl cos wit 

+ 0.8506 E2 sin w2t + A.8506 F2 cos w2 t] 
(9-136 1 

X
2 

.. rn- 1/ 2 [0 1506 :1 sin wIt + 0.8506 Fl cos~lt 

- 0.5257 E2 Ein w2t - 0.5257 F2 cos w2tl 

If the saIl\(! initial conditions ale assu;l1ed for the system of 

Fig. 9-29(b), Le., 

Xl Z Xo 
a.t t o 

Xl "" x 2 = x 2 '"' 0 

the coeffic-ien::s ~n Eq. 9-136 are found t.o be 

... " . 

El '" E2 '" 0 
1 /2 

FI = C.5257m / AO 

1/2 
F2 0.8506m Xo 
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rhe equat "'ns of motion for tLe 'System thus become 

xII 0.276 cos "'It,.. 0.724 cos wlt 

x2""o " • U 1 cos ~ 1 t 0.447 cos <ol2t 

as dettrmlned pr,'vicusl)' ..-nd plctted in Fig. )"3~. 

9,6.4 fC;fced Vjbratlon of Multideqree of Fr~edom SY8t~ms 

The modal meL1ad c. ' analysis is re-tdily ex-

tended tv prctit, o~ ferced vibratio. ~r base ~_ion. The 

,J{!nera' 'n",tr.lX equ.;:~ior. for the for.;ed vl.i:lra+-ion of a ml'lti

j€gree of tree.:!" m sys:em is 

{m} {it} + IkJ [x} - {F} (9-131) 

where 'F; 15 the ,-olwan matrix of applied forces. Aa in the 

"-fK: "lbr .. tlun problem, tl\e llhysical coordinates, {x}, may be 

r('iaLe": to a set of <;ll>nerali led coordinates, fq}. by a gelleral 

trans~0...-m..~tion, It has a:ready been shown that. taking t.~e 

t.t'ansf,:rmaticn matrix, IS], to be the modal matrix, rA~, re

E.wl t£ 1n a Sf t of 'lncou: .• ~J equations. Th'l&, Eq. 9-131 can b.J 

..... ~- i ttt.!n as 

[m] f~} {q' + {kJ (A) {~} • {F' :9-130) 

'remu:tiplying by IA]T res~lls in 

[A)· i .111AJ {q' + {J:..J T [kJ I~J {q} ... }; {F} (9-139) 

or 

.q} + r-",2....j (q} .. {p} (9-140\ 

1i59 

'!' .;~ .~ 

"l:~¥·'''~!~~'f"!'''':· ~:~.~,,",!.>.<:>~ ""lI?i:/Ill '" ..... ¢"k(->·V~.::'h. 

where 

(A)TralIAJ - [IJ 

(I) lq} • {Ii} 
'1' 2 

(~: (kJ [a) - lWJ 

{PJ - [A}T{F} 

{p} can be interprt.t.ed as a set of q,nt!ralized fUICtS. P! (t l , 

associated with the set of qeneralized ("ch,;dlnatelS, qr(t:, 

Equation 9-140 represp.r.ts a "'et of N uneo,;!" ed 

differential equations of the fLrm 

2 
qr(t} + wr qr(t) - Pr(t), r .. l,2 .••• ,N (9-14,,) 

wh: ch may be solved by the Ram.:! methods used to analyze :;.;i.091e 

degree of freedom systems. Aa in free vibration probiems, the 

solutio.1 in terms of generalize.l coo~.Jinates may be related to 

~hY8ical coordinates by Eq. 9-121. 

9 6.5 Multi.degr~ Freedom SystEMU S~,bj~?ted ,52-
~)rt Motl.on 

The 'pneral equation for an undamped mal '_~dec;ree 

of freedom sya~eM s\~jected to base motion is 

",'here 

[JIl) {Ill + [k] {u} .. -y[m] {l} .. "y(M} 

y • base ac~eleration 

{u} - column matrix of rel~tive displacements between 

each mass and the base, i.e., u, .. Xi - :: 

{ll - COluml' m,.trix ",i~ all components equal to OM' 

{M} [ml{li· column mass matrix 

(9-1'2) 

As in free and forced vibration, a se. of generalized coordi

natel'l, {q}, can be rel~tt?d to the pf,Yf'ical coorcinates, {u}, 
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Wlin.9 tba lPSa1 .. tria, 1. •• , 

{\I} - {A}{q; 

8qwt~iOft '-lU t.bea becoIIe. 

(a) (A}{ij) + lk)[A){q}. -j{N} 

'reuultlplyini ~. 9-4 •• by IAl~ ree\llta io 

or 

tiber. 

IA)T(a) [A){Q} + {Al~{kJ(A){q} • -'(AJ~{~} 

(Al'l'(.Jr~) 

tAl 'I' [t) ~AJ 

{ij} + ,...2-J {II} - -f {All' {M} 

[IJ 
['w2-J 

according t~ ~1~' 9-123 and 9-12., r •• pect1v~ly. 

Sq'uation 9-1" .. V be r..writ~ 

{Q} + r--",2.,J{q; .. -y{~~ 

"n.:-e h} • (~)T (N} 

(9-H3) 

(9-144) 

('-U5) 

(9-U6) 

(9-147) 

(9-148) 

B>JU&t;ion '-167 repr .... u ~ •• t of .. WlCC~l'l.o differential 

equations of t.to t fON 

qr(tJ + "'! ~(t) - -Yr'(ti, :-1.2, ...•• (9-149) 

where 
Yl' • k A1r" 1 (9-150) 

The equation of ao~ion f~r a .1ngle 4egr .. of 

free4.n .V.tea subjected to ba •• JaOt;;'on ia 

;(t) + w2W(t) - -yet) (9-1511 

where W ~. the relative displaceDent between the .... an4 the 
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~'1'\\#''': >T;·r~.'~<.f.~~).!ttJf!"·,,~41i1,~~~~~~~~ ~." ~'<~~"'.~"'" ~"J''''';''''Fr 

ba... CoIIparieon of £'!. 9-149 with £q. 9-lSi indicates t.hat 

they a~e equivalent in for. .xcept that the base .cceleration 

in Sq. 9-149 1. multiplied, by the factor Y
r

, Thi. factor is 

called the -.o4aJ. participation facto... SOlutions t.o L:{. 9-1 Sl 

for the various aod •• (fill' "'2""'wN) are lIIulti",'li~ ':./ tne 

appropriate .ada1 p.rticipation factor. Yr , to ob~ain the con

tribution of ~,ch aod. to th. complete solution. 

vhe:e 

The .. olution in ten~'" of phy.ical ~rd~nate& i9 

{u} - /A) {q} • [A) t-y -.l {W} (9-152) 

r- ,'-1 • 41agonal ... trix having the lI\Odal participation 

factor.. on the diagonal 

{W} • co.l.wan .,trix of selutions to Eq. 9-151 for the 

various tIOdea 

Equation 9-152 repre.03nts N equations for the response of. the 

N ....... i.e •• 

N N 
u 1 • 1: A. q (tl - E A. y w (tl, 

pl 1r:; r-l 1r r r 
i a l.2, ••• ,N 

th where Wr(t) 1. the solution to Eq. 9-1S1 for the r mode. 

(9-l~3) 

Tb. solution to Eq. 9-151 a8sUllling zero lnltl~l 

condi tiona is 

wet) !! t yet) ain wet - ..-j d, 
W 0 

(!;-154) 

where T i. '" dUDDY variable of integration. In cases wh()re y 
i. not of siaple analytical form. nUillerical solution meth')ds 

IIIUSt be .-ployed. 

The absolute accelerations of the masses may be 

deterMined frOlll the definition of the relative displa~'em~~ts 

given in Eq. 9-142, In matrix form. ~~= relative dispidcement5 

are qiven by 
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{u} •• (x) - y{ l} ..,' f xJ - {y} (J-15S) 

The ~b80lut.e .c ..... let.Uoo ..... rix then is 

{'xi • 'w + r'i It .. {u} ... {V} (9-156) 

~i!ferentlatin9 Eo. 9-143 ~vice wit~ respect to ti .. yielda 

till - {AJ{ql 

~ubatituting Eq. 9-157 ~n Eq. 9-156 results in 

iii .. (Aj{q.\ + {y} 

(t-lS7, 

(It-158) 

s.ploying Eq. 9-146 and making the slmstituticn {.J - l~J{l}. 

Eq. 9-158 .... ar' be "rltt~n 

{i} • -yfAl (A}TfIllJ~l} - (A) C""-w 2-J{q} + {y} ('-15t) 

•• .::an< o! vt the o.t'th·~.:)rw.J.i ty o~ tt:e nOnlAl IaOde. of vibration 

(Aj (A1TraJ • (A!T1m1(A; • III (9-160) 

Since 

y[IHll "" Iyl (9-161) 

the terINI in Eq. 9-159 in'fOlvl;.q Y cAncel and Eq. 9-159 becomes 

or 

or 

{it ... -fA) .... _~,2--J fqt 

Xl 
N 
~ Ai ",2(1 tt) 
ral r r r 

N 2 
i - .. - !1;,. W y W (tl 
~ lr r r r 

r'" 

(9-162) 

(,-lU) 

\9-164) 

When it is imp<AIf'ible to prescribe a pret:ise 

base ;"!lotion time histury, 5hoc'~ dist'J.rbances are often spec1-

fied by :.l shock s:--e·~trURl. As described previously, • shock 

spectr,~ cnvelc~es the peak response of a si~~le deqcee of 
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freedoa ayatea to th4 ahoc~ aa a function of the nat4cal 

frequency of the .yet... 51n<;1. degree r" Ir_de:. .'lock 

apectra .. y alao be et"Iployed to obtain upper bounc"a on ':he 

reaponae of aultidegree of freedoa ayate ... 

For a single degree of frec'doa 8y8teJ"l defined 

by Sq. ~-151. the pellA spectral relative displaceaent. 0, i. 

<Jiven by 

D • IW{t) lac.x (9-165) 

The peak spectral absolute a~celeration, ~, is defined by 

a • w
2

D - Iw2w(tl Imax (9-166) 

An upper ca .. A WAS used previously ia Eq. 9-59. A Inwer 

case '. i.e used bare 1:.0 avoid confusion with t.he lIIodal Iu.t.rix {AJ. 

Ad Uppel bound on the response of a multi-de

gree of freedoa system 0Q/ be obtained by substituting 0 faT 
2 r 

W~(t) in Eq. 9-153 and a r for wrWr{t) in £q. 9-164 where _he 

subscript r refers ~o the various aades of the .nl~idegree 

of freedom system, i.e" 

N 

lu-I < ')'A yD 
~ max - r~ ie - r 

N 

liil ~ ')'Airyrar max P1 

where the subscript i ~~fers to the v3rious physical coor

dinates. In matri~ form, Eqs. 9-167 and 9-168 are 

{Iuimax} ~ (AI IV-,J {D} 

~I x! max} ~ {AJ I y-J {cd 

(9-167) 

(9-1681 

(9-169:j 

(9-1;0) 

The use of shock spectra for analysis of multidegree of free

com systems is illustrated iu paragraph 9.S.2. 
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t.6.o ~d Multid4gr.e of Fr •• do. Syst .. s 

Although da.ping is r.adilJ i~cludod in thft 

analy~is of sin11e deq~~ of freedoa .¥.~~. it. introduction 

int:.o .ultideqree of freedo,", .y,,~ .. can 9reiot:"y "'ClOplicat.e the 

an,'\lysia. Th. deqr~ of ct8plication dependa on the type of 

d...,pin9 ."d the .. thoe! of analyais. Onlv one -::1a.s of prohl ... 

1s tre~t&d herein. ..ferences 9-7, 9-11 and 9'12 con.ider 

other fonu of daaping and ee1-.hod •. f solution. 

~xc.pt in specl.l c •••• , it the standard .cdel 

ana'?_ia technique ia applied t~ ~i .ultldegree of free

do. ay.t~., it will not yielJ an unCQ~led aystea of equa

tiuns. However. the .. apet:ial CA .... S can be applied t;.o mall:! 

pra~tical ~r~bleaa. 

The 96:leral equatiOl' for the for~ vibration 

of a IWltideqree of freedOli SYIiUd with linear 9!aCQu. duIp

in9 1. in aatrix for. 

(aJ{i} + Ic){x} + (kj{x} • {F} (9-171) 

vhere (cJ i. the aatrix of daapinq crAfficients. 

'1he normal *>dal .. trix can be uae4 to trans

fo~ Eq. 9-171 to 

{<P + ICl {q} + r- w
2-J {q} • {P} (9-172) 

where Ie) • [Aj~(c)IA) and the other terms are 4S defined 

prc~~ously. Although lej !, a syqmetric matrix, in general 

i~ is not diagonal. Thus,~. 9-172 does not pecp-saarily 

repr~&ent an ua~oupled systea of equatlon.. In the .pecial 

case where the uatrix of damp:~9 coefficientp i. proportional 

LO ti.e 1IlA~8 and ati f tne.a IlIA ':r ice~, i. e. , 

tel • a[a) + 8lkl 
t9-173} 

where a an~ a are const~nt., the d~~ing cceflicient matrLX 

ia also diagonalized b~ the tranat~rmation and Eq. ~-172 i. 
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uncoupled rnd (Jf the fonn 

{qJ + r-C.Jfq} + r-w--Jlq) • (Ni 

~ich represents a system of N equations of th~ type 

.Letting 

q + = q + w
2 

q - N 
r r t r r l 

r-C-J '" r-2e,~-l 

Eq. 9-115 beC(JIIIf,l8 

ij + 22 ~ ~ + ~2q • N 
r r r r r r r 

.here 6 is tne damping rat. ... o specified for the l,th Jtlt,le. 

r 

\9-114) 

(9-175) 

/9··176 ) 

t9-177) 

It ~an be seen that £'-1. 9-177 haA the Hd.~ 

fora •• tne equation i'I.escrib:ng the motion ot a da"l1pt:,. sina1f" 

~p,gree of fre')dom system. For ZodCO initial cC'ndition~', Eq. 

9-177 haa a solution 

qr(t) • -l-it 
Wrd 

o 

-Brwr (t-'
(j 

Nr{t) e Sln wrdCt-1) -1: 

)
--2 

th 

\dle.re :.trd - wr l-;\r .. damped natural frequency of th., r 

(9-178) 

iIOde. Thus, a8 in the case of undampeJ sysLt;;lll"}. sine; ir. de-' 

gree of freedom solutions CiOn be used to obtain the n·"':ix-!)se 

of multidf,gree of !re.adol\'l Eystems. The so bt_ic,~. in 'pnera I i zed 

(;·')ordinates is transformed into physic.)l c00rdi nates by Eq. 

9-121. 

The matrix of dami1:l'3 ,-,oefflc,ie!'ts i: Eli. 9-171 

is normally difficu~t to obtai.n >J~' assume. The moj,i: ar",lysis 

approach. although lilnit.~d to special casto:s. is SlIT. I". ::lr'-,-:E' 

it allows the ,,"!e of dl'.!ll::,ing ratlus for IIlOdes. If ·Jd"IF'!;·(' 

coefficients -irto SpteL i' :~d. anti are small, a reasondt.it.' at,

l,)ro..:tmation can h,! ')btained by igllOrlIlg ~he ott-u;;"",n,,l 

tp ,tile of the lel mat):',x in Eq. 9-172, ~-lith th:s at" •.. -;".", 

a systeu, of uncoupled e,"uations is oin.ained al~{l tl'''A:;.,lysis 
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procc~is ~a dercrjbed .bov.. Neql.ct ~~ th~ off-di.qo~l t.~ ll'lpll.lI that <1..pil\9 is auffici.nt.i), aA\AU that COIll'linq i~ •• e~~nd ore.r .~fect. 

9.6 •. , ~ .... r [!\lIt '-.J...!3.!.ee of Fn,edoa Sy.tens 
A ri90rOu& analysie of nonlinear aultid~r .. of fr<!edoa ay.tems i • .L.pr.ctical in 8IO.t ca •••• and aOIN qtpe t:",t nww \C~l "naly.i. is norlllAlly used. Th. nuaer1cal int.e9r'at 1014 technique d.acri~ pr.viously i. OM proce-dur. t:nat t. appli<,al);'. to both linear and. nonli.leal: ay.t_. <rhe AilAlyai$ c' aultideqr..., of t,.eedOla eyet ... "tilia •• the .ame basic ?rocedur' •• aa d •• cr lbeQ for .inqle deqr .. of lr •• -dOl\! aXil ~eIU. Obv l.o'lely the enalyel s of aaultideCJr •• of tr .. -C~~ ~¥~tp.~ i~ ~uch ~re 4iffi~~lt becaus. ur the larg.r n~bee ". dable. involved. Silllplityinq a •• umptions re<jardinq struct._l'. p·opert.~efi. a.C) •. neqlect of girder fl.,xibilU:y relati','t:! tc that: f')f colUlNla and naqlect of d~int!. a:-e of tan necessary to reo,h·ce t~e CQ."1plexit)' of t.he ar.a:i"i.a. The cho. ce of a timt.~ step for the nuaer,H.:.l intagration l"r,)Ca •• a1!1'0 becomes mer", ;hft! ~lt.. because ot the conet~tly chanqin" prc?t!:.:ties -.f oonlinel'l.I' syateas. In traCt at.~ence of otiler gUlr.anCt'. it 1s recocwnended tlvlt. t.'le time step be selE'cted on tre basis of U.e 104<1 charact.ristic. °nd init.ial elastic pror~rtiea cf the ayate!!!. 

9.7 NAT'URA!, FFEQUS. ... CIES OF COMMON SYSTEMS 

9.7.!. ~!!'_E:lemen .. a and~inq Mass Systesu 
C.:ticulat.in9 natural fr~quencit!a i. one of the impurtant a.pect~ of the analysis ot moat .Y.t:e~a. Table ':-11 inclaiea e)Cp, ... ~sion. fc>r calcLlat:a.nq the. clt,Pral frequencies of milK"e.<' d"ft<)\lS .y.t~1Il8. Table 9-12Ia) qive!> eJepres3i('lll> t01 t: '" ""west nl:t.ural frequenc.\ea (>~ se'l'eral .Y.-te~:; witt, -:li .. tr;b\Jt~-! ~ild cuncentrated "ft.~ •. ,,1110 <jiven 
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NA'IU'<l'.,AL .kF.QUZNCIES 01' COIUIOKLY USED Syft»i,S (bt. 9-131 

~~ SP~i..~.J. VI ~~~ItAT~ ~~S_~DS 

• • j."~a. of Load. lb,· •• i:,1/1n 1 
• (-..) • IU •• of Sprinc; (Be ... " ~b-"tK ,:1n 

• "'1t. ill-ffn ••• of Sprin9. lb/in. 
L - Len9 tb I)f Be ... , 411 4 
~ • Ar~. ~nt of Jnert14

2
0t ~ .. ero •• Section, in 

& • Younq·. Modulus, lb/in 
~n .. A,'o;,:11ar tt.tOlral f'requenc/, rad/ •• e 

r -;;;;'--ltcAf. ., 

i.1 
"'-0:1 It _ 

i ,. +{l t 

Fl"EO-~ 
DID ul/laD 

t:-:1 
1I1N4;.J}-IIINt>t:o 

l"t:N"'LI-' u.lAO 

~L 
~ ~·j2 

I )E I _= ,... /-.!:!!lfL __ 
'" -\:~ .• ) ~~I'-i;;;tO'''bl ... V ... :~.('.J ··0 ~ 

t'IXUJ-t I)u,,1 l 
CnnLI( I.,/\Ii 

~-t! 
~~~I 
"l'-:~:~: "'~h' i 

A~ MOfJ"=~;l' ':>1' INERTIA Of 8~ SECTIONS 
---(tflth Re!'JpecitoAX1 •• -4T--~--

.~'fA#'..u: 

'-~,/ 
t .a ". L- ",.'" /'; 

L-~-J 
bt\l 

I - Ir' 
"""--

CltIlCl,L 

.~. 
• _d 

1 .. to. 

tfOLJ ow (. ,,~c I.E ,.p:. 
Bdo 

• • • 1 - ,·-Cd -,1.1 
6. 0 1 

t:U.:PSE 

d~. 'LfJ .. ; 
1 

-d
1
d

1 
I • -'54" 

t.6~ 

Till'" ;/1'.1 I. l'II«',1 

fa'· 
'_d_l_t 

8 

~ .... "~;.,,.. ~'.'''''> .. ;;~ ._~i~'i.\..'-~~~ ~~ ~..,!-... , 4-~~'. "'.-""".';"".~:oo-..,.....",~ ...... ~,~._ .. «...-" ....... 

are ~lIIpr.s"'ion. f'elr calculatinq the _ents of indct 111 Qf 

several tYl •• of beAIII cross f'··ctlon.. '!'able 9-12 (bi ps ti~ents 

fr~uency 4 ,pcea.i,~ns for attveral simple spI:i' J-mass syst-ems. 

IIOte that t40 frequencies are obtainee fOl tht!' two ,!,[,<,\ss sys-' 

t~. Expressiona at th.!l bot.to.:ll of T,'1ble 9-12 (tii Sr"1'" h: "

parallel and ae::ies arranqestents "f springs are cul!\b)',ed to 

obt.sin equivalent stifine."!!;. foJI: ",se in the frequ.~r>c'f t"-iua

tion. Table 9-1l(c, presents frequel'cy exore88io~8 "'.nd char

acr~~!-~ic ahape, for the five loweat modes of vlbration of 

bftama ~ith di.tr~buted aass. 

The expre.~ion~ for natural frequen~l~s of 

beUlS in Tables 9-12 (a) ar.d (el .... !tqlect the effects of shear 

d.flection al~ rotation of .ect~ona. The et~ects ot ~otary 

;'h~!:'t~a are sNl1 except when thE" cur\atur('! of the ~.ln1 15 

large relativ" t.o lts depth. Ttll!" condit101l OCCl;n3 U", 3t.ubt,,;, 

beams, i.e •• short apan relative to 1cplh •. ')r in longer beallls 

vibratinq in higher mode shapes. She.. dtformations,:e als ... , 

... 11 except in the casa vf stUbby beams 00: thobe wah very 

.• Iin 'leb.. The combined et fects of these t",c pht:!I1C>/nt,;T).l 1n

cre.se ",ith incleasir.g mode number ... j t .. ~ r.ltiv ot rddl·.lS 

of 9yration of the cro.s aE<ction t'-l span. For the tlrst mode 

of vibration l •. "imply aupport.ed and cantiit: leI' bea:"s, t.he 

decrea •• in fn.quency 1. leas than 10 perceLl for I'd'll -<5-;;! 

gyration to bP~n r .. tios le.s t'U1fl 0 1 (Ref. 9-1)). for the 

lIecond 11IOd~ shapt~, the decrease ~Ii approa.ch1ng <to ~) ... rc· 'It. 

Jh;:f .. rencell 9-9 and ~-ll describe procedarea for inc:'uding 

rotary inertill 1I':ld sl~ear Cat )r1'!lat.lon effects in \'lbI'at ion 

analY86a. 

A.<il!l lO~I<,':' ~rf'lied to t.he beam can increase 

or decrease it. nat-ural fr'~Uf't'cy de~o:"lding on ',ih,:t::,.,r the 

load 1. eORpre811ive or ten61.( If the aX1II!, ;'0;'1 lS con-

atatlt the natural fri'!<luency oJ the member ". J th hlr)oeo ",nds 
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Tabl~ 9-12(c) 

NATURAL FREQUENCIES OF COMMONLY USED SYS':""£MS 'Pet. 9-1 j) 

BEAMS 3,.. UIClfOJl~ §.gT~~~!,~~L~ _OJSTR.!8UTB?.. ~,;::o 
.---.. 

;.. .. gul~. Natural l're-quem:}' -n • A I ~r' rad/sec 
~ ~L 2 

wher'e E" Young' s I"!odul ua. ~ b.' 1: • 
... Area M,)ment of In .... t ... ..,t S~oP 

=ross Se~tlon. 1n4 
L • L"'Lq~h of ReaM, l •• 

• l"iIlS5 pqr !ltti Lenq':h of ~>am, 
lb-scc.l/ln" 

A • CO.CflClent -tD~ ~dble l~:o~ 
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ia given by 
r-__ 

I "f. 
'"'NP • I6lN ,1 ! -"f ra4/sec 

, tI" 

• here 

"'uP" natural frequen':'i with ~i •• i~at" 

"1i • n4\:<:,.al freq'\("ncy 'Jil.th.:lut u1.41 iNt! 

N .....ode nua..oer 

~2 O.Hl!. PL 2/EI 

I, • ~~Il'.lth of :.eJIber 

U-lJ9) 

'tne pl· ... sign i.s u_d for t.ensile load. and the negative $19"1 

f':..r coapression loads. 

'). 7 • .J. ~ 

Tabl. 9-11 (t)i pre:oer.ts i!Ji.pre:ooaions for natural 

~~eq'..!encies of square and c-;'rcu!.ar plat..:;s with various edge 
cVi~\.!ltiontl. ~ference ': -13 co;.uins siJni .~r expressione for 

ott.or p1a ... ~ "e<:lIIMtri4". The -=Ollst..u.t8 given in Tabt.l 9-12 t.i) 

are applictble \o() _.s1l 4JII.,.litudea ot v;brations, i .•.• lesa 

than C.l or 0.2 tir.aeS' the plate thiek.r:es.. Tht.. e*'f,,tt;'t ot 

laryer AlDpL tude aotions on natural fT"quencies depea',d. on 

support c.;;nditl.on. cu.d aspect ratio. ior the plate.. In g~n

c~al, trequercy will incr~a~e with aaplltudea with the in

crease being ."owe,:: for an as~cl: ratio of ol:.e. As ~n the 

<;:,ust" at beiUlls. shear ce...''Jraatl.ons and !"0tary inertia effect. 

ul': t.aql.1cl1'::iilS ~ecoa. E:.gnificant when thti plate thickneso 

bec(»':..;:s :;'arq..:; r.;lative to its ,&.<1t"!cal dimen4Jions. These 

eUects ba"(! );)t'~n nl!11<'cled in Table 9-12 I,d) • 

9.7 Rings 

Tab!." 9-12 (e) preaent.3 expreuBions for tl.c 
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"l"<lblo 9-U (0' 

NA1"tlAA1. f'RI;C"t;N( lEE OF C0:4Plt:"'"E CIRCULAIl lUNGS UUO;iE TH'CI:Nt:SS 
IN AACI.IIL .;lRE·-:TION IS 5JoUo.l.L COMPA'-ED TO MOIlJS (Re:f, 9-1) 

1"YPE f,r' VJ~<.i.n()ft 
!>"APE \!i 

UlWEST toW')f.~ 

kEC l'ANt.,\C w-.J.; 

CllOSS SEC 1'1 ott 
~l"~Ut..\H 

CROSS SECTION 

... 
n 101" 

r .'I,.~ .. r.ll il' Pl. '" 
.~f kl ........ .j wl,-h n 

cc ... ,lt .. t •• .,.,·v ..... 
l ••• ><,tt, J n 
t(~"P!tf'" O f· ~--~''';1'' J) 

"'. . ~I .I. (n·(.!', ~-.. :. t: •. ~. (n .1," .. -.t...) 
.. 'f " .. 4 n". I .. d

4 
"l 4 I 

.. ' In '''fY Pf'l":'.h~ . 1 n Mit 1N'fl·f,J:~ , I 
1\ ~ I 

.'I".l1r .. 1 N(H'1." I 
tu \·I.ult' c,' M .... I 

'torS\~4fl~J 

.... -xt f·r\;",~,)f\,r,J' 

....... 1.,) .... ; 01 t\.IIH1,}t'f 

r~ t~)) 
"-'=_::1' 

..... Per u". t of I ... n" t:h 

'lfc--"fht 0.'0, .. ~ Y 

I}(·j Li ....... f(Jr tac;l ""·f"'.~ 
of Vll1C.-\f l~UI 

it • .. ·'tilU', of 'i(.'.a 

i'f)' ~·.f")n' ~ H.,t 1,) 

__ II J
~.I" 

) .. 1 .

" 

~ J ,tI' 

v::4-(TT2) ~\ H_ '~!'_:)L 
4IItIt n .. -,I 

n AI'tV '''''f).;UI > ! 

., nlt',M 'I-4V 1'rf'f-.• ;t:H. 

~
l-

... I 
._-) (0 .• II 

""" 
r,-.;;"", ANY IN'tfi,MI 

1 < "'''('onl .. I , ... 'rl'., ... ,ttl .. O;I~"! to 
AxIS Qt s,~ t Ion 

tll~ =:.:~ :~:~l:,n.'I·t.a "l~h ~~!'i, .. .!t.t tn 
I ... I-oJ,nr "'.~ ut .,1 l .. t·rt.1i!. ,. 
A t\rt.'" 

i( .. W1UlI tI' {'ra'·.·. 'f·\'t • ., ... 
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natural frequ,enc"'e. of circu.Lar ~j.nq. vh<H,e t.h.u::kn ••• es in 

tha radiAl dJ t'ection art: ... 11 CORpared u. ':".,~r radl i . 

9.7.4 ~!.!. 

The vibrational -.od'as of circ'lhr arches may bt. 

flexural as in lat.er,s· vibrationa of a bt:AlIl, exteniU.ona! •• in 

the case cf unifora in an~ out motions o~ ~ ring or axial vi

bration. of • bar. or a combination of the extension5i u.d 

flexural mod6s. The r~lative iMportance ~f ~e8e tvo types 

Qf vibra~i~n. depends largely on the slenderness ratlo defined 

by 

vhere 

Slend&nt~s& RAtio " ~ 
I.' 

S length cf the arch axis ~ peo 

R - radius of arch 

8
0 

• centr~l an91~ of the arch 

I.' • radius of gyr.·ion ot ~r~h cro~s ~ectlon 

(9- 1 8Il) 

At lover sl~nderne8~ ratios arch vi~ration8 in 4 ;iven mode 

shape mAy a1t.elnat".! /.)(..tvpen flexural ~nd extension.l behavivr 

bu~ at lar90r Ilendorne.s ratios flexural behavior predomin

atap. Referenc:e 9-14 classifi<:!& circuLu ~!lch mode5 of vi

bration ~. either predomin,,.:- tJ.y flexural or ?redomir>~ntly 

extensional. 'Mle flexural lDOdes are fut:tht<r c!.assified aR 

s}l1IIIl8t r i<;'dl or .. ntisymmetlical. "". ily~l.rical model:> ace 

chl'lractel'i:r:ed by radial <1iaplacements vhich are 'ynwnF.'':r i<.~l 

about the crown of the arch while the Alc':.is)'1IImCtrtcal 1liO'.les 
do not exhibit thia symmetry. Figure 9-32 showa exam~l~~ 

of tt,e various deflection modE:s. The '::lrst to.xtensional modE'! 

might also be .;;or.sidered a syrometr local mode and it is ofttm 
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'i~re 9-)2 ~flection Modes of Circuler Arc~~. 

(117 

referred to a.s the breathiry ..ode f<.'r aLch vibrat lOll~. For 

the breathlng lIIOde, Ref. ~-l. recoaae:lds the tre'il-I<'.ncy of 

vibration be () ... t<Jined frolll 

0.97 /fA rad/sec 
w. • --"R I. 

(9-181) 

wbere 

A • cro~. sectional area of the arch 

... IIlaS" f~T unit 10angth of arch 

References 9-14 and 9-15 sU9qetlt t.hAt n"lt.ur"l fcequeLcies of 

circular arche~, ill the pcedOlDinantly : lexural I1IOdes C<l,n b>:: 

~btained from equations of the form 

CN ~ 
~ - 52 j-ro cad/sec 

where 

~ • (9imenaionles. coefficlent depending on ~rch 

geometry and mode ot vibration 

I - DO~nt of inertia cf arch cros~ sect~cn 

Dl - lIlaflO per \.onit lengt.h of ar,:h 

For tl'e Nth antisymmetric lIOde ~n t'1e pre

dO"linantly f'.exura1 gro!lp, Ref. 9-1<! r~comnenl.lS for :ar>]ed 

support arches 

.2 m~1 4 f, _(' eo) 212 
C'N • -~- n-i1T ---:-

1 + 3{ ~ 0) ~ 
"1," 

A"d for f ·.xe,j suppor.: arches 

.4 
-t~ .. "-it 

[ 

2 4-1 
.2 2' '.l ~'. I 

1 - 2<.1- ('- -::-~-- OJ ~) . + (,,':: ) 
m :1;;, il1~ \n 'Ci' 

.--~-( -;--)-("0:-
1 + 5'':' 1 - -, -! .n ('<. ,. :\ - • 

In m m 
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ftw ~n .. tu U 1 •• fwaCUO.l of ~"- llhape and 18 gh-eo by 

ri • 211 for ".U~U1c ~. 

• • '~+l for 8~tr~c ~a 

• • 1,2,1 .•• M. corresplnd1ng to the Nth .~bic 
or ~~ti~tric node of ylbrati~D 

The par ... ten "a a.Kl ~ are obtained frca 

T~le 9-13 tor the appropriate value of i. 

r Quan 
t--

ntit! i 
I 

L 
~-

I • 
iI-,.. 

I 
I 

Table 9-13 

;-<El .-3 .. - 4 Ii - 5 I 

I --
'.130 I 7.853 10.996 14.131 11.'~' I 

1.COO 1.000 0.93l I l.001 1.000 

---.J 
For tlle .th s~qtric mode in the predoainant1y 

flexural group, Ref. '-14 re~n~~ for hinged support arch •• 

c~ - .. 411'4 _ 
1 + ~ + 2(6

0
)2 (9-185) 

at Ii 
and fur fixed .upport arche. 

c2 
'" N 

l~l - Aa for m • 1) 

[ 

t' 2 l 1 - 1. 8l(~) 
4 • 

Ail 2 ... 2 

1 + (~l) + 2(1.63 ... i:-)(~) 
l a· •. ii 
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(9-186) 

Note ~at in all ~ase., the &ppro~riate value of m for ~n~i

ar--etric or syaaetric .adea is •• aefined in Eq. 9-181 . 

Equati·>ns 9-11n through 9-186 are reasol1A.)le 

approxiaationa t~ computational results reported n Ref. 9-14 . 

~f.rence 9-15 reports dAta o~taln~~ uaing a di!fe=ent matne

.. tical approach and co\~rs a wider =o8ge Ot areQ ~~~~aeLerb. 

Althouqt thu choic4 of parameters for illeae two studie. does 

not permit &n t[ Yl..:t COIIIpariao'l, there i. reasonable agrtlement 

between value. of ~ obtained for similar arch geu~tries. 

9.7.5 Fra .. 3 ana Shear w~ 

If the .tiffness of·-he girders is lar':f~ rel."l

tive to tllat of the coluans. the r.atural fr~quency of a one 

story bui1din~ frAJlMll ira • lateral vibration lDOde is given by 

where 

lli nli/sec "'Ii • , w 

N • total weight of deck, trame, etc. at roof level 

plua 1/3 weight of wall~ 

Tk - total lateral stiffness of colum~s 

For col~s fixed at both ends, the lateral 8tiffness is 

h - I: ~ for all columns 
h 

and for columns fixed at one en~, hinged at the other 

It • 
'" lEI ~~ for all columns 

h 

19-J 87) 

{'I-ISS) 

\j-189) 

where h ia the stOty height. The stiffnesses defined by Egs. 

9- 1 88 And 9-189 are for loads wpplied at roof level. If L~c 

structure inc1ules reinf~rced concrete shear walls, their 

stiffn~S8es must be included in tr. for £q. 9-187. The 1,·iftness 
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vf shear wnlla is alao ~iin~ in terk8 of thk shear force 

appllerl at the top of the wall. Prior to crack1Rg the .tiff

ne •• is given by 

where 

\mere 

kc 
£c 

H[H2+ 2.21 IT Lt 

it • height vf the wall to the center of the top be_ 

(1)-190) 

L leaqth of the wall from center t~ center cf columna 

t • thicknes. of the wall panel 

- aoaaent of i.t\8rtia of hor izontal ,,,",,etion throu'lh the 

v,!l and column. neglecting p~esQnce ot reinforcing 

st.e<!l 

At '.!ltiaat"! load .;.ha .. t1.ffnesa La \liven by 

kU - kcIR)~ (9-191) 

KU - ultimate shear re&1.t~nce ot the shear wall (Eq. 8-69) 

Rc • sh.ar resistance o~ .all at cracking (Eq. 8-68) 

One-thir~ the mas. of the shear ~~ll ••. ust alao be added to W 

in Eq. 9-187. 

9.7.6 [K.a.e" 

As in the cases of ~rche. & spherical dome has 

'~'ny possible modes cf viJ~ation. Since most load. are re-

• is~ed by membra .... actio.\ in the dODte shell, the mode of vi" 

bratl~n of primary interes~ is that associated with uniform 

a8l 

,;~~, .' . '~:''?.t 'it' .... r,- ~l~(:"f'·;'-i ... '$$~~{.;!:t·" t"o~, 

radial .otion. The l~eq~enCi of vibration in this RoOd ... 1. 

qiven by 

loiN • 
_ 2£ 
r>U-V)R2 r&d/~c (9-192) 

wher..! 

R • radi'1. of the doae 

p • .... ~r unit volume of d~ aateria1 

v • Poisson'. ratio 

9.8 ILWSTRATlVE ElCAMPLE;:j 

9.8.1 Modified Rayleigh PrOCeCh\LC foe Oi.>tain<,ng 
i.atural Freo1~~!":.c!.e:; ::r.d :..;vJe J~ 

a. GIVEN~ 

shown in Fiq. 9-33(a). 

rack ia .uch that 

"1 • 8 Ib-sec
2
/in 

;2 
"2 - 4 lb-sec lin 

") - 4 lb-sec 2/in 

A three .helt equipment rack ~s 

The weight ~f the p.quipment ~ 

(1400 kg) 

100 kg) 

100 kg) 

The total lateral .tiffn~ss of vertira1 memLer& in earh 

level is 

)(1 - 0(,00 Ib/in (1050.8 il:N/IIl) 

)(2 - 2000 1b/in 3S0.3 UI,'III) 

k) ~ 200') Ib/in 350.3 kN!III) 

b. FIND: The fundamental (lowest) l.:lter"l mode 

shape and freql~ncy of vibration of the sy~tem. Nt''Jlect 
dampi'ln . 

c. SOWTION: If the horizont.ll shel.ves are 

assUllled to be u:uch 5tiffer than the vertical me;tlt.ers. the 

rf'4l structure can b<! represented ~y the model system shown 

in Fig. 9-:t3 (b). 
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In accoxdance wi~h the pr~edur~s d~flcribed 

in paraqraph 9.6.1 the first .tep is to ass~ a deflected 

sha~ tor ehe fundamental aode. Converting tho masses to 

forces (weight) by IIlUltiply.;,c.g by the acceleration of grav

ity 

WI - 3088 lb. (13.736 N) 

W2 - 1544 :Lb {~.868 N) 

W1 - 1544 lbu (6,868 N) 

A~plyin9 the~e load. a~ shown in Fig- 9-3- (b) 

the following static deflections are obtained 

~l - 1.029 in. (2.614 cm) 

X2 - 2.57~ in. (6.535 em' 

Xl - 1.l45 'n. (8.'~6 CR) 

aince oaly scaled displacements are important. thest' are 

nvrmaliz~ wi t.h respect to the largest value and e,h ,;ed 

in lable 9-14 as the fiI'st t o:-ia1 ass\.:Dled moec! shape. Th) 

product "i~l is next computed for each mass and entere(i 

in T~ble 9-14 as shown_ 

rile nt:xt ~tep lS to cOllpute deflections 

due to the inertial forces "i$i. The deC.ection l.nClemen~ 

in ~ach spring is e~ual to the force in that sprinu dlvlded 

by i~. stiffness. These deflectlons are en.ered in Table 

9-14 and th~n norma11zed with res~ct to the 1.argest value 

for compac ilion W1 th the assumed mode sh"Fe. Note tt.d t the 

computed deflections do not represent 4eal del~~ctlon~ but 

only l'elativa values since the p·c>C,.ict Hi ~i Oily rek-'resents 

re~ative v~lues of the inertia forces Also n;:;te thdt the 

computed shape agrees fairly well with the Assumed mode 

~hape. A second trial should give better agreement. 

It the results of the first teial are used 

in Eq. 9-89 it js found ~hat 
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2 
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"3 

E N .• ·.i-I 1 i ~ 1 - + Ol 6.751 ,,_ EM. (;_,2 .~:46Tf ..... b.t. 

j-l 1 1. 

anJ w~ - 12.1 rad/sec 

Since t~e computed ~~ shape is cloaer to the tr~, vn~ for 

the firs\,; iIIO&t. it i.,. uu;J •• the inl.t.i"l ah.lpe tor a second 

trjal. The op~r.tio~. a~e the same ~ti f?c th~ fIrst trial 

and tho rt18ulla are r.:~.ented in Table 9- H. v'\: nq values 

obtained j', the second tClal 

w2 _ 6.412 
1 0.:0063816 :nl.T • 1'/6. ~4 

a~ wl • 12.1 red/sec 

Altnough the 8.COlll.~ tr.ltol has provided a closer ai wtOXUII<l

tion 2DI the firat I:!(,-<ie sh.!lpe th.l~ W'as no s.1gnliicant chan<;e 

in U.,. calcul.ted natural freqUt,ncy. Thill is not 'tr~e in 

all C<lsea and resulta 1e;.-end on hoW' closely tne n, 1 t.1a! 

trial .raode ahape appr.o)l.i3,~;"es the cot'reet one. A t.h.itJ 

trial l.sinq the calculate-d shape from the &ecoO(i:ycle is 

alae al 1wn 1n "able 9-14 and indlcates ClOSE'I .. ql. ~ment be

t ..... n a.sUllled and :alculated values. The prc(,,~'s3 ,:"n be 

repeated until desired agreement is ob>::ain,,:d. rh~ fIrst 

lDOde shap.! i. sh01lffl 1 n 5'19. 9 - 3 2 (c I . 

The third cycle of calculatlon~ in Ta~le 

9-14 prea.r,ta nUJDec! cal valut"!!, 1n both the Eng 1 ish c\n1 51 

ayatea of u.,its (in parellthesef;) w-here the v.:! 1 (.1(0 s di t:'e[ . 

'.8.2 Ua.! of Shock Spectr.~~_:,"alysis of, .::?..i.s.~~~~ 
.3ul]ected . ~~)tlEE! 

a. GIVEN: It i& tlssumed t~at th .. ~ twc' degr'~t: 

of ireedOBl systellUJ shown 1n Fl.g. 9-30 rep~'csents an 

equipment rack attached to the floor ot a 'Struet ure. The 
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aoor is au.bjf'Cte4 ~o horhont41 .,tions in the x-4irec

tion only. Fi9'.u. 9-34 i. a .ho:1t apectc\a r..pr.Nntir'9 

an .nve1upe ot the reapon .. of .iC91. deqreo of fieedoa 

~y.t ... to the floor ~tiona. ~ ...... and .tiffn ..... 

of the rack .yatem u •• uch t.h.t ita lowt'.t n.atur;)l !r.

quency i. J Ha. 

b. PINO, .• in9 tbn ahock spectrwa of Fi9_ 

9-34 deu r line an upper bound to Ule pe.k ac:ot'l .... tioa 

of. an ita. of eqlllpDant .tt.cbed to~. Ille9lect the ef
fect of eqUl.Pf'IIDt .... on sy.t_ r •• pon __ 

c. SOLU'l'IUM: It baa previously been deten:

ained (Eq. 9·14) thllt tbe natur.l frequencies of the 
slat .. ah<»nt in l"i9. 9-30 are 

~l - O.61'1~ ~2 • 1 •• 1IO.~ 

f 1.~180 
I wl· 1 Hz -2· 0:1111 (3) • 7.153 a,. 

The no~l ~.l .. tri.x previOtlaly obt.~il\e4 froa £qa. 

9-132 and '-134 ia 

[

0.5257 
fA} _ .-1/2 . 

0.85~6 

0.IS06] 

-0.5257 

The mod.l participation factora .re obt-sined Ira. Sq. 

9-148 

h} - JA)T{a; 

I
YIt _" I [0 .. 5257 {y} • • a 2 

Y2 u.IS06 

00 8506]1'.] ... 1/2fl..:o'tll 
-0.5251 l. lo.324,f 

and r-,-J • sl/2 r .':" o • 

O.3249j 
P!.oa 1'19- ~-34 th. peAk absolute accalerationa lit the two 
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natural fr~~i.s are 

at 1 s. 

7.85 a. 
a.1 - 19 

a2 • 189 

In •• trix notation 

{a} . fall _ ! 791 
ta 2 {lICJ ~ 

Equation '-170 ia used to sua the MOdal contribution •• 

1/;1 ... 1 ~ {AJr-y-.),a} 

flil1wuc} '. [0.5257 ) ~ .-1/2 

{!ill ... - 0.IS06 

fiill aax } < fIO.O. 9} 
tli2 1aaxl - ~ 5.12 9 

C "8506] [103"3 .1/2 

-0.5257 0 '-.. J: .. ]{.:: l 

The ... t.wa abaolu~e aceeleratiOD Jf .1 ia 10.04 9 uad the. t

of ~ and the att. .. ched eqtt1poeDt is 5.12 'if. 

~.8.J Dyn..tc ~~~e t~ Air~lAat and Baae Motions 

•• GIVEN: The one "~Or) franae atructure ~hovn 

in Fi~. 9-l5 (a, b .. " a force-d1spb.~ ... nt relationship repre

MUted by 1"19. 9-35 (b:. T". atructure is a~jected to air

bl~.t ll~a AD4 base d1aplac ... nt.~ repre.en~.c by Figa. 

'-36(.) and ~-36(b). r~apectively. 

b. FIND: .. sponae of .tr !ture to .irbl.~t 

ahCI twI .. ~iOlUi. Neglect cl..aIp' \g. 

c. SOLUTICf': The .tepa in t~ansforalng the 

tr..- .tructure into an eq~1valent .ingle degreo of lr .. -

d,a syat .. have be~n skipped for the "k~ ut ~~~~lty. 

I!U 

• 

~ 
o .. 
In 

= II 
Q .. 
o 
Ir. .. • 1 

:t 
•• 20 It.- Me I1.A ,l~ O~ k.'1J 

1 

I 
I 

2..... 

fit. lOW lbr ,04448 Ni • 

k - 4000 Ib/ln (7005 "/':"8) 

I 

---.. x: v,. 
III 

L' ~I!'---t"'" ~""2""'5-1~n""(""'o""'. ' .... i u

.:;;;;' 

Lolsplaceaent of RO<.lt Rel .. tlve t.o B.b" 

(1)) 

Figure 9-35 Structural Chara~teTi.~ics of Build~ng 
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I 

r.te .a". and air-blaat load. .r~ .... 'aed t.o be cooee.ntl'ated 
at the ','?vel of the roof. 'l'be 1eq\11valent ..... lca4. 

atiffne •• a~d aaxi.ua re.iatanp. would nor.dlly be ob

tained u~ino the prG~edur~5 d~ribed in pare9raph t.J. 
Ulle respon.· ... )~ the he .. i. qbtai!led by nu.ericel illte-

9rs~ion uaing Sq •• 9-14 and 9i15 with 8 ~ 1/4. 
I 

.~t - t-an• l s an + ;r (an an+l ' 
I 

2; 
xn+l - xn + ~txn + (~1) IXn + i(in+l-in ) (tt)l 

where the suhacl'ip1: .• n + 1 i.ldicate valueL..of x. i and i 
at th~ ti.ae t ~ At. 

The pel'iad o~ ,the .yat .. i • .)buined frQla 

~. S-S 

T • 2'f{f 
fJr 

- 6.2d \400'6" 0.4" .ec 

A :,\t of O.OS aec ia lielected~ 50 

H 0.05 0 11 T ,. 0':""4il" - • 

and frQla Table 9-1, reaaonably rapid convergence ia ex
~t~. 

The positive 4irect~on for acceleration, 
velocity .. :.d d:.aplacement of the roof ..-tsa and di.place

.. ~t .... t t.he baH are a. indicated in Fi9. 9-35(a). ~h 

atep of the n~ric&1 inte9ration ia ~umaarized in Table 
iI-1S. 

At t • 0 it ia a •• uaed that the .t;~ctul'e 
haa ze~o vel~~ity and displacement. At t • C the applied 
force lS 2000 ~~s (6396 N, and the base displac..ant i. 
aero. Slnce the relative displacement between the roof and 
baae 1_ zero, no c~sistal~e ha. been d.v~loped (a.e Fig_ 

dil 

) .. • c 
f • 004 

~ 
.--~ .. 

1 
! 
o 

I 
I 

-.j~":C»~', ~ .. (:.:,1,\\ \#~ ~"'~'o/.<¥~\',,~ll 

~ ,oco ,. , .... 0' 

(::~;, 

~ 
~.'~lO~----------------------"~ o 

1'~. s.c: 

(.) 

.t~· 

'-"-
~--~ ... ~ 

o 0.10 0.10 

T1M. IMC: 

(b) 

Cigure 9-36 Diaturbing Furctiona 
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t-16 (b) • t'M acceleJ:'.Uon of the .... 1. 9 1 .... br 

P - _ 2eOO - 0 2 2 
• - ... - - '---p- - 100 in/Me (2.5. a/IMC ) 

n1e fL'.t .tep h ~l.ed 1n T.ble 9-15. Poc ~ Ilext 

step, tbe aoc.l.r.tian i ••• .-4 to be eq1Wl to that Cal

cul.t.ed Ira. tlae lnlti.l .tap. 1'ben troa JIq. 1-14 with . -, 
.. - xn • O. At - O.05(-.c.) aDd ~n • xn+l - 100 iA/~' 

i • 0 + 0.05 (100 + lfJO) n+l -:r- ~ 

5 11l/a.c (12.70 ca/-.c) 

.~ flUl aq. 1-15 

2 
aD+1 - 0 + 0.05(0) + ~ (.00) + 1(100 - 100)(~.OS}2 

0.125 in (0.Jl1 ~: 

Pr~ Pi9' t-l'(b. !.be ba .. tUapl&ce.ant: at t - 0.05 ~ is 

0.20 in (0.501 cal. ~~ 

X. - X. • 0.l2~ - 0.20 ~ -0.Ci5 in (0.191 ~) 

'ftM r •• iata~ j J 

(~ - _.'k - -0.075(.000) • -300 ~b. (-133 •• ) 

aDd the ~~cul.tad accel4r.tlon 1. 

';- _ 1000 :x<-;OO) _ 65 in/_eel (165 caI .. : 2 ) 

r~~iou.ly the initial ••• UMption for the .ccele~.tion at 

t: • 0.05 IHIC we. ill .rro~. The calculated value .,. u&..ld ail 

the r~ ••• ~ &Cce4e~.t1on .-d ~h. calculatlon. are re

peated until the calcul.ted value agr.e. with tt. • •• umed 

v.lu~ withln the de.ired deqr.e of accuracy. The .. calcu-

1.tiOf,aI are s~i.ed 1D 1'able 9-15. ".iailar :,\roc ••• i. 

repeated ,for the next tu.e iucraeeJ.t \.ltn the tcceleration 

initially ... .-.d not tQ c'\aftqe. Tt'li. step i •• 1.0 .hown 

In Table 9-15. 

Anothe~ At 1. added and the cclcul.tion. 

repeated. It 1. 5een that t.he diapl.ceaent in thia cycl~ 
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Table 9-15 

tESt:t.TS 0,. NUMERICAL INTEGRATION 

..: -x J P];J-R ; lit 8 M 

, _ ' .. e' I'..; .... ' (tn/Me' "., "., Un' _ (lb.) '-'2"_" i:/.J 
o I •. A. J 0 0 0 o+~mJ\.· .(N 

100.0 5.lO 0.1;'5 ').20 -0.015 ·300 I 1(1')0 b~.O 

65.0 4.13 0.103 0.20 -0.,)91 -.lSi. 1 ° '-'V.' 6').1 69.4 4,24 v.106 0.20 -O.Q<j~ -377 1(;(0 68 ) 
68.9 ... 22 0.106 '120 -0.'"-#4 -]17 10;)0 68.9 

I I . ,--
68.9 7 ':;1 0.4(12 0.40 v.';('2 E, 0 -'~.A 

1.l. 5.9~ O.)W 0.40 ,-0.040 '16: ~ 8.1 
&.1 6.1) 0.365 C.40 -O.OlS -14_ ,j 7.0 
1.0 6.12 0.364 0.40 --:'.036 -144 a 7.7 
1.2 6.JJ 11._,)4 fl.4V ' -0.036 -144 v 7 . .2 

10.1) I 7.2 6.49 • 0.679 0.30 t i.. 17~-~0{) ~ G ·50.0 

0.14 1"50.0 

0.05 

'l'~ ~.-.4 j I x .. I x. 

0.10 

'i.27 I 0.592 I 0.310 I 0.272 

O.ll" -50.0 
!----+----~.-

0.30 -5:1.0 1-2.82 

+- 10.5761°.3261 ).250 IIClOO I c I -sc::?j ':I.B 

1------~----~----+-·----4-- --+--
0.284 -SO.O '·:<.00 a.S: ~6 0.033 0.783 1000 '.l -j·O. -) 

~----~--------~------~----~--.-~----.~-----+---
O.:!') -SO.O -2.82 0.7760 C.24J 972 

I ·48.6 -2.81 1.776 0 v.243 972 

10.35 -12.8 ·4.34 0.597 0 0.064 2S6 

0.40 28.1 -3.9< O.NO 0 -O.H" -574 

0.4S 28.7 -~.51 O.2~ 0 ·-Q.104 

0.432 49.9 '2.69 0.284 0 -0 249 -9')(~t~ ':.J~i~ 
0.486 SO.O 0 0.2,1 0 '0.322 _lV""~' s".(! 

1-0--- ----
O.SO 49.0 0.70 0.216 a -0.245 -91><\ ( 49,( 

0.55 , J2_.~,) __ ....... _2_._;_J_4-_)_._~n_ . .l-4-___ ~_"_16_0_ .... __ -_()_4~~ __ (~ ._.~~_ 
0.60 0.5 LS4 0.4')8 0 ·1,'.00:\ -lJ. :' (1.~ 
-....,. -~---' 

~
'65 -n.1 2.79 0.616 C ('.lS5 b2~_ . __ ~ -..:~3_1_i_ 

0.70 -ol8.9 0.78 0.,05 0 0.244 97"' ,I 4,t; 
- 1---. I--- -1---
o.71!>e -50.0 0 'Ull ').25 l!'~~ ____ ':. _~'~~i 
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1IIIN14 ex~.4 the point olt wb1ch the ~Yl!lt_ goes fu \1y 
pla.tic, The re.b"'!'~co c.UlIlQt Q;r,MCl 1000 poun4. (·U4I N) 
anct thi., .. xu.. re.ietance 1. the oas.1. ",t the calculat,.;.;;a 
acceleration. ~ diaFlac...,.t i.:aot val14 .1~ the .ya
t.- ha. yielded duci:., thi. U .. interval. It le nece ... ry 
to find the t~ lilt. whicb rielding tlCCUra. It can ~ found 
by lJelect.l :: .a.J.ll*r ~t·. until the calculated relaU~ .. dis· 
pla<:e. ..... nt. i. 4IIq\IAl to 0.2S inches (0.635 ca). At. 0.0. .ec 
1. tried and tNt calcu'IIti0ll8 are rlll~.ted. It i. a1ao ob
vioua that ~be .yate. will be decel.ratint 4ur1Dg thi. dt 
so it i~ ••• u..4 tbat i n+l • -so in/.ee2 (127 ~.ec2, for 
tb~ firat txial. Tbi£ tri.l still exceed. the el •• tic dia
Dlacf!""'''l-, !PO "t - O.itl? IMC 1. tried .u.4 vorlt •• A larger 
6t :::4n now be \Iae4 ~ i~ t.... ..... cceleration i. conat4nt for 
the " ... 3J tee! a)·.t... A At 1. CbO .. n eo that t + ~t • 0.30 
Me it iDe _ben ba .. IaOtion c ..... ). 

At • 11.30 0.131 - 0.161 .~ 

'I'bIl cal.C','ht.iooa are r.pe~te4 .. botfore. and it. ie IMen 
that tNt "elocit:y of t.w .... 1. -1.620 in,/eee (7.lt ca.1 
•• c) • .:he ".locity of the b .. over the I?«r.iocl f~ 0.1 
to 0.3 I'«::<)r..:l. 1. 

v - - H - -2." in/aee (-5.08 "ai/Me) 

'!1eldin9 of t.be vertl.~l. ~. c .... e .. when t .. velocity 
of the ~ •• ia equal to t.b4t of tit? .... _ •• 0 the trial ia 
DOt; valid. and the ti_ at .. 1cb tt.. velncit:y of t;lwt .... 
t. eq~l tr -2. = 1n/sec (-S.O' c.I •• c) .Ult be deu:naJec4. 
SiQC<l!! the .,Jccelf'ration i. COD!ltant up to the Uw:.. rie141ng 
.top •• th~ t~me when the v.l~ttl.~. are GqU41 c&n be ob
ulnad fl'OR Eq. 9-14 

- 2.0 • 5.133 - 50 At 

tot • O.lf" iJ«C 
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After; t - 0.2'. _c. the aySt._ i. "9al0 el"'.'.io. and thfl 

neat At ~1.4 be ."lectecl to c:oincU. "it.b t~ U __ when 

tblt be._ .,tioa c.a.e.. !Iota that. aince th •• y.i:_ is ~!\

l~inCJ. ;r.t 1.a uow IIOVincJ 40IIIl a load diaplaec .. nt \;i.!rVIt 

whicb ia P1lral1.1 W the lAit1al curve \A. Pig. !.-17i. 

'l"bu per.anent _t. in the coluana ia equal to the ~ia .. 

Qi~l.~t ~Dua tbe elaatic r~~v.ry . 

Xp - z. - xe • 0.781 - 0.2~ 

- 0.533 in (O.1~5 ca) 

'l'hia ~.lt •• t .uat be aubtracted fr08 the ~ted 

4iaplaceaent of the .... to fi~ the rel~tl'" di~lace

.eat and realatance for aubsequent .teps in tho inteqra

tiOD. It 1. the De" ref.arence pv ... nt for vibra dOD. At 

t • 0.45 aec, it i. seQ« that the displa~t baa again 

uceedec:l the l.astic Hait an4 t.h4 ti .. of actual )i81d

in4il taUat agaia be found. After a couple ot ~riala. the 

u.e ia fou:ad to be t • O •• ~2 8eC. ,.t. next time a<:ep t? 

be locatc:4 ia tbe tt.e at "bleb the veloci ty i. equal to 

0, ainea tbi& aeanr. a rerer .. l of the directioa Coif .,tj,,, 
end a u .. of IiWlXUma dla91aC'"-.nt. 'l1MJ a.xel.r.~iQ.1 is 

a constant 50 iD/aec J (12' CJII/aec~) .ince ..... iO\i~ lb 

(4448 .) and 

t • ~ • 0.0538 aec 

The syat .. now .tart. returuing along an .lartl~ force 

cU..pl&C~\. portion of the cur".. !'bo new ponM.nont 

cliaplac68letlt end r .. ference point i. 

O.~ll + e.l5 • 0.461 in (l.l7 ca) 

After t - 0 ••• ..; 118<': U .... yat .. ia vibrating 'la.l·f~ally 

b8tween ~~olute diapl.~t. of 0.;11 in and , 211 in 

(C.110 ~ aDd 0.535 ca,. ~i. 1. a relative diaplac ... nt 

of 0.25 in (0.'35 CIII) on each aide of the peraaooDt aet 

of 0.461 in (l.1~· ell). ItO the syat .. reaches the yield 
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point d18ploac ... nt twice in each c·Iel",. The rl.Jdod ?f 

Yibr.~i~m ia 0.459 sec •• coapared to ~he O.44~ eec 

co.puted fro. Eq. 9-5. 

The fipru.g force-deforJllAtion h1.!1t.orJ iltart. 

wiU ~ laotion of th... "lUI due to the forct' P i.lein1 1.8£ 

thL' ~t of the ba~e. The Srrio9 of the eqLlvalent ~in~le 

deqr .. of freedom Sy5t:"a ia b&ing compressed ",n~ 18 h~lping 

the force, p. ac,;elelate the ILilSS. Shf".;rtly .U . .::r P bas dll!' 

crealled tc 0, and thtt base IaOtion haa n)ached its peGk. th~ 

absolute di.pl ... celDfUlt of _he na.s exce.ads tAat of th'" b-al>e 

and the equivalent "pr in9 goes into tens ion. 'I'he apr in'1 

force nov atarta dt-;celerating the ..... The lo.ad-relCl't.l.ve 

diaplacement r"lation.ship is linear unt.ll the x..,].;. .. iVE <1i:

placement reache~ 0.25 inches (C.~~~ em) and the spring 

yiellia in tenaion. \'he re14ti ve diapJAt::ement cont. inuea to 

incr.ase 'lntil the "elocity of t~le lid •• and the Ixsse ia 

eqUAl. By U.i..: time the relatiVe displac.'lII4mt is 0.783 in 

(1.'9 cal and the per.an£~t set ia 0.533 in (1.35 em). The 

\tfOlocity of the 1n00as then falla below thst 0": the base and 

tAe .~ring i. being coapressed elaaticAll~. The base &otion 

atop •• but the l~ftrtia ~f the .. as cau ... tb~ sprIng to 

yidl~ in coepreaaion and it reduc~. the ye~.anent set to 

O. '!61 in U . .17 ca). The aprill9 .. a. ay.teM t,1en oscillates 

at-oat thi .. neutral po .. ition .nd eventual.)y, 'b('!'~~ • .. OllIe slIlall 

AISOunt of dalBping ... ill co .. to c:"'st at a !:-''''nr..lnent re.l. .. ~!~ 

dis~laceaent of 0.461 in '1.11 em). 

~ne rwmorical calculation. can be pLrformed 

with whatever (egroe of accuracy i. desired by the analyst. 

Greater numoera of significant figures and cycl~s of ite~4-

tion yield greater accuracy 01 calcu~ationa but cannol over

come the api>roxirnati.>na lllade ir. establibhing tile analytict.l 

.-odel. Although, in this eX&Jllple, th.e ealcalat.cd accelera

tion is utted for t~e next t::ial. ex~r ienced p,:r ·wnnel can 

IJOIl"'!tillles apeed convergency by different proces!;e~. Al

though on!y one tri.l i. shown 1n Table 9-1~ for each st~p 
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after t • 0.1 J INC, the v"lues .~~ the re."lt of iten,tionllo. 

A plot of the eotiOb of the structure ~. .~ in Fig. .-3: 
It i. inter.-stincJ to notlll ~ft.at: if tile b,.I-e ioIll~101l b~ not 

h-teil included, the au! ... "': • .-001- fro. Ii"" I-1l, with 

T - 0.4.6 .. ec ., .... ",jA have ~.n 0.]7' in (0.t51 cal and fi::Z 

Eq. 9-H tba rebound vou14 i"ve bat'\ -0.25 in (O.US c.). 

9.8.4 .atual frequem:! •• of Circular ~bt'!s 

e. GIVBII: A r~" nforced concrete arch 1. hiDIIG.I 

at ita supports a~~ he. a 1"&oiu. of 15 feet '4.57 .). Ttd 

oVlral1 ttl.icue .. of the a.l'ct, cross Mction i. 18 inches 

(0.45"' a) .... 00 the etfecUve duptb to the te!'lBion reinfMe-

ing i. is incl_s (0.381 .). Co. perc.rt (p ~ 0.01) rein

for~i.19 at-eel i. placed circ\,.ferant. i ally in each face of 

t.he al-ch. Ae -"l\1M! f ~ .. 5000 ps.~ (3441 If/ cs,2, ~ Ss 

29.000 ksi (19.995 klI/cIII2 ). n. cerltr.~ aJl9:'. elf thf- arch 

is 180'. The unit \Ielqht .;)f ("')ftCrete 's aa6u:.4 t.o oe 

\44 pcf (2308 kql.3). 

in 

PDWs The n.atur.l frequeneie. 01 the arcb 

(a) The firat ar-tric "l!!I:ensicma] -.xl. 

,0) The firat anti.~~ric f1e~~ral .ade 

fe) The first. .~tric fle.llr:ll .-ado 

e. SOLUTION: The firtit step i. to calc~l.te 

sever.l p4r~ter. related to propertiva of the arch. 

Tl.~ lIOduluti of elalJ\~ich:y of the col'.crete 

is obtained fra. Bq. 8-2. 

E - vl.~ n~ c c 

_ (l44}1.5(3J) (:)000)112 

- •• Oll.GOO psi (27.668.100 kN/.2) 
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~r<» 8q. 1-30 

1).13 
Ie .... -r (S.~ + 0.0.,,--

1 
!~ 15.5 (0.111 + 0 •• '1) 

• 2" •• 5 InC'ft of w14th (O.OOJ~ .CIa) 

ftu .... ~ wait leagtA of the at'ell ia 

• _ lee {h~J!.:..!1 

z 
- U.04U ~ (10S(.f5 It,'a) 

1. 

The left9~ of the &~C~ axis i. 

• - '0'" 
• 1. 14 (15 l' 12) 

• 5'5.5 in (le.3' a) 

'1'be radiu .. of eyration of ttt. rect~ular cro.e .. cUon 

.La QiYeft by 

~ • O.2'~ , • O.:!. (15) 

• •• l3 in (0.11 a) 

'l'hll qro •• cro •• IJ.flo:tional area of t.be arcb i. 

A - 18(13) .. 21' in4 for I-foot. .. ,ide db 

0.457 .l ~~c 1 • wide rib 

"rOIl &,1. "-Ill the fn .... uwftCy of vibration in tM br •• thin'l 

.ode ia 
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0.97.;'EA 0.97 jrr.on:o~1~1m= "\r • -R- .. " lllf . G. .):-6 

• 715 rAd/ •• c • 117 Ha 

."",">..'+miP·",,'''t<··:, ''''i" 

The coefficinet for tJ-e fL.!>t ai,~iqrovnel.::ic 

fl~ura1 .ade i. ~bt.ined from ~. 9-!~3 

_4 41 1
8 Ul 

Cl • J: J _\ 0) 
N. I G 1 + 3rO ) -

iF 

where. • 2M • 2(~) .. :2 for first ~e 

:l C .
N 

\21" 
(2,4(l.Ul

4 11 -{'it~{rrlL 
1 + Jbh~~4fr-

• :"01 

And CM - 22.18. 

Ptoa Eq. 9-'.82 the freqaenc;,' of r.he fi.r15t antJ.sYml1Setrlc 

flexural lIIOde ia 

CN I EI ~2 • 38 /'r."flT,1i'OOlrffC'f,T 
...... ? Jr." i56j.S)2" 0.0466 '. 

• J4.3 r~d/8ec • 5.4F Hz 

The coefficient for the first symmelric. flex.Hal mode 

~$ obtaiLed trom Eq. 9-185 

~
/b]'1 

.411 4 1 - 1.£) I 
1 'm11' I J 

CN '" -. -!;-:i" 
1 + ;. + 2{'~) .£ illr 
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.h~re ~ ~ ~h+l - 2(1)+1 - 3 for firAt .ade 

~-
t 'J 14 )2}" (~,4().14)41 -(!Ti7riT~_ 

1 i 1.14 ) ~. + ~ + 2 lTr.IiT 
(3)" I 

• 4U'; 

and ell - 68.45 

f'rOtll Sq. j-182 ttK.t frtIqUe.lc,Y of w~ first aya.-.tr1c UexlU'al 
*>de ill 

"lI .. 6I~16 IS: 
- lO~ rad/aec • 16·7 Sa 
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S,KTIO!I X 

PJtO'l'1!crlO~ 01" STRUCTURE COIlT::ns 

10.1 WTicOOOCT"OW 

10.1.1 G.!llera! Requi !='4trMnta 

Previoua a.ct:.ona hAve pr"StmteC' metr.u...:s EOI 

pr«ictioll of n, clflt<lr ,"'a(>("n effects e.:l<.1 the design v,:: an:l.ly

ais o~ structure. bUl,jected to these effe,::t:... It hds been 

aho-n lhat it ts {ead,ble, within liruu •• to design st:ructures 

which "'ill survive very .evere 9round sh<:)dt an-a r.di",Uol. en

vironmonta. Another J.Jlport .. nt f.,:et of tt..e prJblelrl IS te. en

a\U', aurvivaJ of P'!rac;''UI~~l and equipment wilhin t-nest;· l:Itruc

tures. It ia pcssible. for eX'U1lple, tru.t thf' IItr,jcturt :-oul..J 

witbatane;. the al-rblallt. groWld shock anti r.vl .. ation ,.f::uctf" but 

the conten,", tH' so aeverely cS'IIIJIlg~d by r.ad:,atl.on or "tn',ctuce 

IaOtion. that the facilit,y c,)uld not accolllPlish it.s intellde~ 

function. Qadiation shieldinq techniques have wen dHIC\.1ssed 

in Section VI. 'Ihis aecti0l1 d"lal. with the :>rl:>tectlon of vul

nerable coapol',nta fr':li8 etructura ... lIIOtions Ilue to ai!:",~l.allt and 

ground shock. A recem: stu.jy (Rel'. 10',1) h.15 collectt'c and 

conn.nae<l shock illc1,,1:.iul'\ research results l-oertin1itnt to pro

tective con.truction. Much of Ule lIlatl~'rial 1n this f,P::.-t lon hall. 

been ~aken directly frolll th.lt Jh:udy. 

Til.e object:'ve of ahocl,; isolation il', pJ:'ot:ectiv.., 

construction applications ilJ to reduce the 111;;'91'1.' ude ,J': lAot ions 

tran •• \tted by • vibrati'lg structure .. ~ .. hock St!11IUtlV0 eql.lip

-.ent or pera(,:rlnel. A aecond con8id"r~ti"):l l:'l !"0iI\E' cases ib to 

reduce the auqnitude ot IIIOtions trars:nitteL. hy vi'or~tlTlg equip

M'1t to its support8. These latter ",It.lons C3Jl bt! 819n1 fi.::ant 

if the equip.-ent i. lIOunte:i on shoe It isolated plat fon,,!> or 1 f 

lIlrge inertia force. are gen~rate<l by ':11t: e.;:r:li.~;.;:::!'''::. 

The IDOst cOlQlllOn shock iso;',lt 1.on problerr 11> tr.at 

of reduc.inq dtructural motion l.Cputs tv t.~q" _pment or. ;.>er!>onnel. 
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These input lW)' .• ons can be det.erained (lC apecih.e4 in var10ua 

"lays and t.he cl\"jce of the .. thad of "nalysia i. often r .. lated 

to the illt')()ctance of the itelh an4 it. posi tiOD vithil' the 

struct.uro. For exaaple, .. crltical p'.ece of .qui~Dt, lucated 

so that its 'llow~le ~ti~na are reatricted, would require •• 

dt-t.uled a pl'ediction of input ILlOtiona a. i. po •• ible. III 

oth ... u· ca.';'B, crudi .approxi .. tion ••• y be satisfactory. 

If & detai~e~ analyais is required, ~ .~ro.ch 

is to '~e~ ti~ 8upporting 6truct4re uain9 c~in~tion. of 

finite ~l~ent.. The ~ropertie. of the el.aents are 4etprained 

;lsir:,= procedure. p1,.,ente4 in Section VI n '\nd the loads 

actin9 at in1ividual node peinta can be ~tained u.ing prcL~

dures pre.ented in Fe.et~on VII. The aotion. of the .t.ructure 

at the pcintll of attar.n.el~t ot it.e •• of equiP'Mtnt are then ob

t.si.ed t~:oa iIII dyn .. 1<: anaiyl' 4 s ot the model .truct~ using 

pr('\~ures dhlcu.a6Cl in Sect 1n IX. In the caae of ..... ive 

lteaa of ~i~nt. the ~iQ. of the itea aay att.ct the ao

tions ot the supportinq struc' _I:e. F''Jr tr ..... casea, the it_ 

~nd i~. tiuspension .yste. should al.o be included in tt. atruc

tural .odel for final analysia. Results .atiafactory for pre

limiNlry .nAly ••• can otten be obtained by a .lnqle el ... nt, 

e.g., be .. or ~l~. re~resentation of the aupportinq atructure. 

'rne re listl'\nce of tt-.••• eleaent.. and th·tll' reapovae to atatic 

anu ·1)'1 ___ il:. loads can als" be nbt,ined !rOll procedure" nvt-

l'.ned in Eect .. c.ns VII, VIII and Ir. 

In the cas. of b'~ied $~cucturea. it i •• ~

time. &azuaed that .tructural aotions are ~~At to free-field 

IDOtj;,ra of the aurrour,dinq soil. This approach D4t<;ll.ct.s the 

~espohs. of eleaer.t. of the structure, es well .s relative 

IIIOtion. between the structure and soil. 

The two mo~t ~o~n method. of deacribinq in

put aotions are shock response spectr~ and ~i.e-eotion. hia

tories. Shock response spectra and t~me-.ation hislories are 
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cleacribed in flect10n I.e Input aotiC''111 oar. no..:aally spc.c., tied 

a" Mccel.1'ation •• velOC1_i •• andlor chpla~entll of tt>.a Pl· inta 

of att .. cu.nt of th. it.' of ~T.li~.lt. T.l.SOiiC-.utiofi hi.to.:i •• 

arc nece •• aIY il a detaih4 analy.ia of tbl sheck 1.8oluUon 

avat .. ia to be 1N4 •• 

"'aua1nq tha.~ a .~k iaclation r;:ratelll is re

quhed. t~l8 firat .tep in the de:liqh Pl·OC€..S is to deflne aa 

tutpUciU.y as i'O • .;ible ';;.b. penwonaance objectives of th., .. ya

tUl. The JtOre 4et.1l with -.mJ.cl) the pertoraance objective. 

can be .. ~citied, t~ qreat-e:- will be the as.uranee that tht'i 

"yat .. will acc01a..,lh.il its obJectives. 

The genera. functiOl'·al objectivea of ;:t, shOCK 

isolation ayatelll are to 

• ltedu:e input. aotions to acCt_pt.&bl. levels 

e Miniaize rattlespace requiremen,"._ consialtent .,ith 

"!fat .. effectiv(.tlftr.s en-A cost 

• ~ini.ize couplinq of hQriaontal an~ vert.ieal ~t\on. 

,. .'\ccOllllDOdate a 8pectrw of inputs of IIncertail'). wave

forms 

• ~i.it the nuabor of cycle. of motion of the isolated 

body 

• SUf~)()rt t'le .yate. under noraal operating condit.l.ona 

vitnout ·:>bjeetionable IDOt:..on. 

• Maintain constant attitut_4 under norlll4l op~tating 

t:Ondit~ons 

a 'c~ate changes in load and load dist~ibutlon 

• Ikintain sy.te. vibt'Atiun characteristics OVE;r long 

periods of time 

• I"t.erface FT'operly v~th other components or p'L~t8 

-of the tacilit}' 

e Require mini.~ maintenance 
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10.1 2 Shock '1'oleranc» of !qui~~~ and hnonnel 

The r.q"'ir~..,.n~ for anodt laol ... tion ia baae4 

upou the shock tolC!~an~ of critical it ••• C,)f aqui~nt an4/or 

peraOGAal bouae4 within th~ protective &tr~ctur.. lf the pc.

dieted .bock input .... t' ... "da the abodt. to l.er &nee of pereonne 1. a 

aboclt iaolation aystea is rf"']Uix-e4. If tM shock input .. lu .... d. 

t!le abock tol.i'ance oi equtplllent. the equj ~nt. can either be 

ruqqedi .. ed to inl.':rea.. j tft chock tol~ranc. or h. ct'n N ,.b-:.ck 

i.olated. .booIre Ilre prat:tic-I"'l liait.. to n&CJqediaAtioa, t-·t:'¥e'7l11r, 

and the coata ... y .xc-~.! tho.e of an iao.ation ayat.eI1I. I! U.,: 

inpu~ cloe. not ucee4 the shock ~olerance of t.le .quip-.nt. tNt 

equtJaent C1In be har4-aounteO to th. atructure. 

a. !$:~..J!.! 

hoept for ~ly s1Jlpl ... la.enta. 

the aaat prkUcal _ans of 4et .. rai.'lin9 the ah<...:k tol

erlftC4t of an it_ of equis-ent ie bf t.eatin9. ~ .... n 

.. ~rt.en~ • .i. eLite c.n be of queationabl •• slue if the 

te~t 1npu~ action characteri.tics differ qreat:f fro. 

tbo-n to be ac~\: _l.!.y experi4:'nCle4. In aa.e e.aea. a 

1ecitiion reqarding the need tor _hock 1.o1ation auat 

boa !Mde before> d ... tailed characteristica vI .yatWi coa

pon.ntll .re ~st .. b.li ... ..xf. In these caa.s, the choice 

11ea ba~~en specifying aini.ua acceptable shock tol· 

erances for the new equipeent or uBinq what.ever data 

.~ .. availAble for .ailar ty~a of equipaent. 

The shock tolerance of oqui~nt can be 

.~ci\ied in various vays. Two foras of specification 

are tne ~hock tol-ranee apectrua and aaxiaua peak ac

cel.ration. A .bock toler.nc~ Bp€ctru. is aiaply the 

apectrua of ao~ion. the it •• is expect~ to survive or 

hea !Jur'"iveci. These spectrA are aiai lar to the input 

apectra pre~iousl~ discussed and ~r~ Aaaumed to repre

.ent an upper bu:.>nd of al \ tol4lrable !LOtions. 'the) 
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are nonaally expre8liied in terms 0 f ill 1 i0 ... .lbl C! ac':~' lE<r lI

tiona. velo.::ities and/or displac~'mentl!i .s!'l a fun'.-t \on 

Ilf frequency and directlO!, of the woOtlon, Extpt,qve 

eXprlci .. ent·.l effort is necessary t..i dc! l.l£- equ q>l:lent 

Sl.lOck tolerance tpt!ctra, ana they sti.Ii do not pt"()vld.,. 

eoaplete .,asuralJce .. s to survival 01' fo L lU1e ot tn" 
equ:paent. Ho_ver, it i8 nonaally as,~J;jled tll .. t" if 

the irtput spectrua does nl)t exceed H,e tolp.rance spec

trua. sbn.;k isolation or rugQ~ dlzation is not rW.lI.1ired_ 

AlthOUQh toe shock toleranCE! spl":truro 

i ... prefer'red method of presl~nting the shock ~.': tor,wce 

of a .. item of equipment. the t.o'erance i13 often l!IJ.'tci

fied in terms o~ a peak ,.llo..,abh- accel'~rat10jj. Speci

fication of o.lly a p~at r~sponse iicccleratlC-,) 'Jbu8:'ly 

leolda to All unr .... .:'''tllsarily low fre"uency isolat~0:"s SY"'

t .. vith .. ssociated large ratt:lespace n'quu..::r::'."f ~',>, 

Alao. nothing is gi .... en on ~he natura~. frequenclc 0-:: 
the u, uipmellt which are i.mport ant in <it: If.:ctlr:q J. 'ot,')CJ<, 

isol.llt. .on platfo!:1II and/or sysf·.em for ttl", equlV·\:,· ',r 

apite of the shu .. ",COITlln>:Js, a peak allowable i.e," .• :ra

tion is frey<i>mtly all that is Cliven parth:u:"u;'-' in 

the eerly stages of a prQgT~ .• 

In 

Whi le the pl'efpcreu 3fTro.ach is tc deter

aine the shock tolelance ot a Spt·...: if Led i te;n by ,ll,~r')

Friate te:)ts, such t.,sts a~,,'clt .;;l"d~'s p-act:'d,.. In 

these C4seE it is necessary to l'",ly on jata ob+.' .. 'c.n,,;d 

fro. atooclt t.'sts of si,l'Iilar lt~ms. F:eferences ;e,-2, 

10-3 lind 10-4 present some ,h~" on tt .. : shOCK t. 

of \l'3rious types of ec:; ,ir:.-"er.t. T;,ble 10-1 pr( 

dat<l' froa Pe f. 10-4 dnd Cdll b.! used u. th .. ails •. ~" 

~ttCtr luidance Th~' v·lln.~t"i,bi 1 ty lev~ls giv"" 

Table 10-1 represer t lowt,r 11mi t 5 of r.l:llJ'!S of 

ql\'.n in lOOt. 10-4 .lnd Vt'ce sP,,"(:_{H~d f·)t III!..>U' 

que1'lci~8 ne~ ':" the fur.damt ,cil fl-, ,., •• "'1,(.": 25 of r: 
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type. of equll=lMtltt. t:sthuates of these fundalQent al 

fr.~uencie8 are al.o 9iven in Table 10-1 an~ agaln 

repn. •• nt the lower limits of "Mlges in 'I"lues glven 

l.n ltef. 10-4. In qe'leral, it can bI> uSIlUl'lled tha t the 

shock tolerance of .n item ~~ equipment will ~ ~reat

er ~t hi~her natural frequencies. Accordingly. the 

Y~lnerability levela in Table 10-1 can be taken as 

consorv.t.. ',v. estill4'_es in the abllenee of bet".ter Lr.for

aat .. vn. An exc€ption would be whl'!" the dut at io" and 

fcequency _"ntent of b'l. disturbing i.)rce were such 

th.'t reilOflance could build up in ,jne 0:- NOre (,f tho: 

hiqher IIOd ... s of vibration. 'i'hi!' is not the usual case 

in nuclear blailt induced JIOt1ons, hO'A'evt!r. 

The fWld ... ntal freG'.lencies 'liven HI 

"{'able 10-1 are "lao uaeful in detr'[11lininq whether reo' 

"t>Or.lle of the equip_lOt can i"Q neqlected in -alc..llat

inq the reaponse of an isol.tion II/ste",. If t.he fun-

d ..... ~.l frequency ot the equi~nt is much higher tr4dn 

that of the iaulation syate •• the equipment can be as

s~d to be • ~iqid body in JIOst c.~e8. Otner~ise, 

the hiqher 5lOdc:s ahvulo:.i m inciuc~d i1'\ tht: analysi'i. 

b. ~0.E~,!_ 
Estimates v; \.ne reaction or the hurr,an 

boQy to stn:~tu~al JIOlions result~ng f~~. a nuclear 

detonation ftl'C b'1 .. ed alJDoat ent':' rely on tests re 1 <'\t.ed 

to airborne /:lnd IIIOtor vehicle enviro~nts. The ef

f.-:t. on man Jepend on the IU'I litude. duration, fre

quenc:y and dir~(.ti~n 0" th ••• ,tio.l, .l>~ wel! as his po

l-it{..>n at the tiae of the disturbanct!. Figur~ 10-1 

r_ese.lt. d"ta on hUJllan llhoc)( tr:lerance for various 

pusitions and d-.qreell of re5tral.n· In pr.otect 1 V"-i! 

.truc~nr.s applicativns. the .li\tial structu:&:al 1'/10-

tions c~n be e~c~er up or down and they are ncrmally 

accOIl'jJ&l\l..'! ... by a siaultaneo'ls outward motion. Tn)uries 
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can reault fr~ exc. •• ive acceleration of the bo1y or 

iapaC" "'ith the floor or othar ~lbj~ct6. Referenc(~ 1,)-5 

~ncl·Jd,". that a atandi"~ .an "'ill receivlIt cOl':.presl'.+ve 

~njuriea in the bot';;-aupport.ing txme. if tile upw<'"rtl 

floor accelera~1on exc~d. 20 9 during A long d~rat~cn 

lO4l.dinq. Tt>e h,",ury thr •• hold ia higher for illUn: du:-

atien lc~&(I., If the t loor .wel'l downward ra~ldly. tile 

llan wlll free-fall a IIl4ximu. dlstan.-.:e equal to '~he 

floor "hsillaceaent. A drop of or,.ly 20 inche5 (SQ,8 em) 

could f~acture ~th l~~.. I.p4~t with an upward ,~v

ing floot' would inc~da.e the protabUity of f .-actl.:re. 

Tbe un .. ..:litrair.~d aan Cl....lld ... lao :ose hi. footlnq And 

receive i'juriea ~ue to impact with other objects or 

the flcor. 

Because of the possibility of .mpact 

1.njurie8 to personnel" de!'llgn criteria will often LJut 

acceleration inp'Jts to much low'!r va lues than tho~'.~ 1n

<iicAtec, i:. Fig. 10-1. P~fe:~er.ce 10-6 suggests llmit_lng 

upward floor accelerativ.s to 0.75 9 elOU (,:nrn'.i'rd accel

erat Oil(,. to 0.5 ~ to 6.YOid inj.1riet; to an \.:IJ."'2<·'.rill.ned 

Mar. in the standing positl.:>n <l\nd v.7S <;1 ';P'o.ud and 1.0 

9 dOWlllolard for an UJi .... estriJ.ned man in i.he sl'..t:,n<; pos'

tion. Horizontal Acceleration iimJ<:'s ~,f 1.0 q 4J:e also 

recomaended for ~n unrestrained man in l·t;..,.. 1':tt1.1Q po

sition to avcie. .,hiplash injurie. <:;~ being thH:'"I, OJt 

of his chld.r. Thf!se critj~rj·:? are s\ll . ..n...cized i r , i,'lble 

lO-2. Curves A " B of i-ig. lO-l ",re applicdb:e to thfC 

standing ~d si~tinq unrestrained positions. respec

tively, and repI"f!II..!nt up~oer design limits. '['ilL'se Clrves 

are l.!WToprillte tor dusi'ln only un.:! .. t' condlt .')r:s where 

1.pact injuries can be avoi:iec. Values trom·3 n-ve A 

represent one-h..slf of the shod, t.')lerance ':";"It to allow 

for the poLaibil'ty that all of the subject's weight 

eIght be on one leg. 
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An unr •• tralned .. n ill ~Jbe prone pos! 

ti.on (applic . .tle to '-:'eeping quarhxa) .ouJ.d bit ex

pectecl to wUbat.aAd higher aceeJerationa. except thaI':. 

be .. ~. be thr, • ., free t.he bed a~ .la.tain j njw i •• 

upoo t.pact wit~ the floor. For thi. r ••• on, Qe~~9n 
criteria ar. a9ain lower thaD huaan ahock toleraocaz 

uccel.r.tiop li.it.. of 0.75 9 upward, 1.0 9 downward 

and 0.75 9 horiaontAl are .~99 .. sted. If t.')" r .. ,lm i. • 

in the ~~e.tr.inad prone poaition, but in.ida & co.

pletely paclded enclo."re, he ~ld be partially pro

tected frQfll ia.,...""'Act lnjuri.e. and C'lrVe C of Piq. 10-1 

ia applicaol.. If t~ .ubject is in a aittinq poai

tion and r.atr~lned to prevent l.aving L~ .. at and 

relative act.ion between heaJ and l~ and body ia 

prevent.ed, ~"rv •• of Pi9. 10-1 i. applicable for rp
",aM, downlf&n1 an.J !\Or-i.out.al IIIOtiol'\a. CtlrYa 0 i • 

u .. 4 for de~!gn of upward ~jection .eat. and does not 
~nclude the .feect ot rapid dec.l.ration. Curve C 1. 
appllcable to upward or dO'olll"ard acceleration for U <I 

rrooe r •• traAned po.~tion and curve E for horizontal 

aotion.. In deai9nu wh.~e the hori.zontal and vertical 
aotions. If. de'.i9na wIlex"e the beriaontal and vertlocal 
action inp\.\t. arc .;o;Qblned, aef. 1 -3 racoDDBn~s t.hat 

the vtictor sl.i.a b.' li .. 1~ed to the lqver of the horiaon

tal .v v.rtiea\ li.Jai~.-

Hu..n .hoc~ tol~rancft ~o ateady ~t.at. 

vibrationa --1' ~ of int.r •• t in t.ho... lnstan(:~.. wh:-re 
there h li ttl. daJllPinc; of ahock i.alat8d ph. tforaa. 

Aa in the ca.e of tranaient shock, tol.ranc. of .~eady 

atate vibration. ia .ffect~1 by poaitian and re.~raint 

of the individual. Vibration f:,equenci •• in ~ta. rl)9ion 
of 5 to 10 cycles per aecoM artl of gr.ac.r significance 

.inc~ they .pprox~t. natural fre1uencie. of the 
hwaan body. At tt .••• frequenc le.. toler<"nce of atf.!a.iy 

atAte vibration. lUy t. a. 1-\' as 1.5 .. 2.0 9. even in 
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the r •• traiJMld ,...teeS po.ition. ¥acUtiOMl (",::. 0:1 

.boclt tol_a~ of ~ t.u.aa bocly lire ll":lud~ in 

Refa. lo-6 J }O-7 and 10-1. 

10.2 saoc. IsnLl.':IOlI J>RlIICIPLU 

\/}.Z.l Gem.ral COC!C!fU 

A full tr .. ~t of the probl .. of ahoek 1.o1~

U,oc i. not: poaaible 1.n t.bis f'aftual. 'tha folloviD9 parag'r !\pJ\& 

..,:;;Q"'7!.1. ,.n 1nu-ochact:lon to U. IlU.Ujt>ct., 4if·~.a ... ot the ia-

portaD~ e~ract_i.~i~. of Pock iaolation .y~t .... and refer-

eDL. .. oU,,--;- .ourceJJ .)f Il0l''. cSetaUed inforl\At.ion OIl part.!cul&r 

• t'aoaa ~f ~t.ra_"t. 

9eaer.l, the An.lyt. ,~l treat.Jr:allt of aht:'x:k 

iaola~ ... .:n .• yat .. ;: ia haMllt upoa the .,.rinc:ip1e. 01 dynaaic ...... 1-

yal. por ..... ftte4 1ft 541ct.iOD IX. P.nee.allY i.-31+ol::eeS •• c.e are 

a ~~.~. COMbinAtion of D~4rca .... ll~r oo.poneDt •• each w~th 

it.., \ #;1 ... tatic: 'UIId d~lc cbar-.ct_iatica, t.he flr.t litep in 

, ..... lid .• i2 aD i~liuti"l of the .yet... in aot't ease., 

tA.s"",-~ r.pr '~taUOll of U.. real ayat .. by a "Llpli fied 

.. u... .. lcal .oclel coaaint..g of • ri,,1cl ..... , or ....... con-

BaCtecl b" qt::-l.D911 .. 04 ~= pots ... 1k'OWll in Fig. lC·~2. Figure 

10-2 r~pre"Dt. the .i~l .. t c ... , tbat ~f a aingle deqree of 

fr-:.:'doa ayet_ r.aualDed to~ .. 1A only one direction. I" 

the IIOr~ q.neral c.... the ayeteitolOuld have at l.a.t .ix de-

gr ... ('_~ fr...so.. i.a •• thr .. 41apl~ta and three rotationa. 

Unt'.r cer".AiA conditiOtl., th ... aix ~(J. CAn be uncoupled and 

th-. sY.'.;" an.ll",..s aa .1a .inql. d89r~ of freed.oa ayateas. 

n ...... COQdl~1oGa ar. 4iacua.... In •• r .Li.r F~~ 'CJrcpa •• 

The .i091. degree uf fre.doe BY. tea COln also be 

...-.d to Ulut.r&te t.M iJlFOrtanee of ___ of t.he p&r ... ter~ .f-

fecti~ t.be .(f .. .:~iv.IW •• of .hock iaol.~ \01\ 'Il'.t ... in general. 

eon.ldor the .inql. deqr .. of freadoa 5YSt .. shown in Figure 

] 0-2. The la.c-lator i. r.pr.aent..s by the linear apriD9 and 
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YlaCO\i.S d&llpin9 dclyic:.'e p.:nclo.d wit.Q;'" ··.,tted aquru. ,.he 
aUl'pended iUsa i. arsUlMd to be a d4Jid b..; ... j. It 18 -'l!'t.-.4 

tha~ the baae of tb •• yst_ ia aubjected to • periodic ainu.-oi-

44r.! LlD~ion whOM ~teqUency ill 41. The und4dlpeu natur.l rrequency 

ot tn..· ayateJa i. *'we The ratio of the aa.i.ua ab~lute cl1.

rboeamt; of Unt •••• to the ... bUlll dis"lace_nt of the base 

ia ~lot~ed in Fi9. 10-' ••• fun~iOft of tha ratio of the tre
q'\altncy 0:0 the ba~ .etion to the .. ultural frequency of tt~ •• in-

91e deqr.~ Qf freedca .y.t~. ~ r.tio of di.plac.-entc i~ 

called the abacluta t.ranaai •• ibilitv of the .y.t.... Several 

curv.. are ~re .. nted for v.riou. damping ratio. (ratio of ac

tual yiacou. 4aapift9 coef~icient to critical ~in9 coeffici~ntJ 

s.., Section IX). ..en the frequency of the dt.t.urbinCj .etion 

i .... 11 COtIIP~\V"d tc thAt ('t the sinqle deqr •• of h",ih.1. .. _ya-
te •• t.:'~ ~i!!pl.'~8Ilt of thf! a&Sa is approxi •• tel:.. equal ~o the 

diaplaceMnt of th. baee 'ihen t.be fr~;!eney of t~e ba .. .a

tier. i. M'teral t~:.e. that. of the ~.te., the .ation of the 

.. M. b a ... 11 {r.ction of the b~S'" Dation. When tn.~ ratio 

l,)f f~u."lcie. be,a.efi larqe 'e.q •• 20 to )0), the .y.tau can 

hot respond to t~ ~~: ~t:i"',. to any siqnificant dfllqr... At 

freq\i~n-' !'l'tj.a. near ond, ... 'U'ge o;;,ct;;;'ona of the ..... are po •• i

ble and ~h" aaqnitlK'. ill :tronrly affected by tl.e dIOUI\t of 

daaping in t.t,e .y.te; •. 

One ob .... iO\lB shock il!lolAtion approach apparent. 

fraa Fi9. 10-3 i. to use a low frt"quen':'v .u.pension cy.t_ 110 

that the ratio of frequ~nci~c ia al~:y. l£rqe. However, low 

f~equt!ncy (aoIIeti ... C\~ferred t,.) a •• oft) .Y.6t_. poeses. 

~~~ u~~.ir.bl~ ch.racteri.tics of 14rqer atatic and dyn~ic 

d1splaceD!nts and qreat,~r probability of couplinq b.."ttveen lIOdes 

of vlbraUon. Althouqh soft .y.t ... aay be acceptab':e under 

sone oorditio~ •• other c~natre.nt. will ~ften precl~~ their 

use. (.rte obyleus constr.dnt i ... liJr.it on tRw relatiy.:! action 

between the auapen<1ed ma •• anc! ita 5upp,.>rts or adjacent parte 

of the facili":.y. 'l'hi. J:'etaHYe action eterft'ines th .. aaount 
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of "ad;lesp"'~ tbat aust be provided t, avoid iIupaet between 

the .. ~. and other fixed or 8OYin9 ~rt. of tb. facility. 

Pi9Ure 10-4 .how. the variation of relative 

transaia8ibility "itb frequeacy ratio for tkveral percentage. 

of erit;,1cal d-.piNJ. blaUve tran .. i •• ~bil1ty is defined a. 
the ratio vf ;b!e .. :<Una r',jlat.lve .otiOil bet .... n the _aa and 

ba.. to ";b4! lII&Xir:ua ~ iapl"~:~"t "f the baa.. At low frequency 

ratios (hi9h fRqUenc), oc hard. s:istea). tt~1'e i. very little 

relat.ive .. ,tiOib bebfeen ... s ..wi baa. At b;~ frequency ratios 

(-.oft .y.t.esi. tb9 relative diapiaC8llent can bo approxiaately 

equal to the b4uM diaplaceao.tnt:. !'he da..,in9 ".·He a9a1ft stronq

If affecta the r.aponse at freqcency rat~oa near one. 

The acce1~ration of the .... will be a function 

of the fc ccc applied to the _a. by the .pring and dilupiD9 de

vic... In the c~ of lin .. r Uf4.-ped .pring8, the force i~ a 

fuIIction of the ~latiV1l djapl~nt behleen the .. sa and ita 

.upport. In viscous d~in9 devi~., the da~in9 force t. a 

funct:Lon of ,be per..::ent ~Ulpinq and the relative 'io~lecit.~· be

tween the .... an4 ita aupport.. Thus. acceleration iU'ts for 

the eritic .. l it ... will al.o i~ ... restreints on .prill9 stiff

... and tbe ~I.mt of dulpinq in the i_alation flYiOtea. In 

practice. the cbaracteristic. of ~ .hock i.olation .yatea are 

w.ually sOlIe C('-.proaiH co.bllHltion of ftPcial'if atiffne •• ;',nd 

~in9 ratio ~ .in~.i.e input .a~icna to t~ .a •• for a speci

fied allow;1bl~ r.ttl~.pac. or to .in~i •• r.~tle.p.ce for speci

fied all"" ahl ~ .aticms c.f the aa.s. 

Plqures 10-3 and 10-4 also de.o ... t:catft ':',I! need 

to aVvid re.onance (frequency ratio vf one) betvt'!en the !'y.t~m 

and dbtur:>l1l9 fuaction. .Uthouqh the structural .attons re

.ultiraq fre. nuclear detonations are no::. lSt"adj-state .inusoidal 

in nature. they freq~~ntly are of an oscillatory t~ and the 

4.spl.ce.ent-frequancy latio rolation.hips discu.sed abo,~ are 

approxi"';;ely aPi»lic'able. Reference. 10-1 "lld 10-' contain a 
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alOr. deta',led diSC'Jssion of' the effects of 10<.ld duratlon, non

linear .prin~a, da=-pinq< and lIystem '~requency 0'1 response. The 

~a.ic objective in .hock iSOlation is to select a c~~ination 

of iaclation .y.tea properties whlCh will reduce the input .0-

tions to the d •• ired level. In design, it is a cut and try 

process. Systea pro~rties are ••• ~d and M. analysis is .ade 

of sY!ltea re.pon •• to input .otions. If the sh·,cl(. t.olerance and 

r.tt1espac~ criteria are no, .Atisfle~, tt~ aystere must be al

tered and the analysis repeated until the criter~d are satisfied. 

10.2.2 Sin91e-~s& Dyn~ic ~~ 

In tn. general case, a ~in~le-aass sy~tem cao 

have .ix degree. ot frote.ioll; translation in three ort.hogonal 

direction. ano rotations about three orthogonal axes. Theae 

syat..a can also be .:l ••• ified •• coupled or uncoui.·led. 

A co~ple4 sy~te. is one in which for~~5 or dis

placa.ent. in "ne QIOde .. ill affect. or cause rt'spon .. e in another 

~t'!, e.g., • V(:rtical diap] I\ceaent of a single n.gid lIIass 

m! qht cause l'otat ion 0'" t~.e .was il!::Out some axis. An uncouplec 

sy.tea, en t..18 other hand, ... , one vhere forc<'. or displa.cements 

l.n one mode do n(;t ~e,.. .. rat." a i'esPO'se in allvther moda. If the 

syst~' i. ~letelr uncc~~led, b~~e t~~n8lations ~n anyone or 

thre*, orthOC}onal direc\:ions will excite translatlv.'" of the &lilSS 

only i~ that ~irection. Similarly, a pure rotation of the ~qp 

"bout anyone of t:-ree orthogonal pz incipal. inert 13 axes throu'cjh 

the ... s center will excite only pure rotations of the body 

about t~llt axis. The prirlC ipal iner tia axes are thol:>E" about 

whi,-:h the products of ifk!rtia vanish. T~e princl.pitl elaBti" 

axes of a reailieut f!lement (isolator) .:..re those dXe!! for \lhich 

a'" unconstrained element will experience a displ.:.cel'J:lent colineclr 

with the din-etion of tl.e t..pplled force. The POHn. of lntt~r

aection of the principal elastic aXf!S of a reeillent element .l.8 

called the elastic center of the resilient element. If the 

princi~al elabtic axes and the prlllcipal inertii!. axeli of the 
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~hock i.ola~ed SYlce. coin~jde, the .ade5 of vibration are qn

CO\.lpled. fhe oclgl..n or PCJ.ot of intel:&",ct ion of &lQtl, a.ats of 

axes :11 .... ~ lie at the c('nter of 9rl\vitt vf ttle ..... Such. 

syo;.tem is also J:'ef(\rred to as it t- ..... ,anced syste •• 

In fi~ure .o-~. if all the .pring. ba .. the .... 

stiffness, tht;t .litie center will be loc .... ted. ct point!t. If 

the .us.-ended block. i.tc c:f Wlifora chtn.it 3'. itl! center o! qrr.',

ltv is aire located at'A, and the .Y.~ i5 uc.couple4 for .0-

tlon' irput th~~~ th~ sprinqs. Soue ~yst ..... y be ~ooupltid 

only tor .atiens in a particular di~e~ion. If point. in Pig. 

10-: is thtt center of qravity of the IUS., r ~"\r. hoTiaontel 

dlsplacece'1t of th .. structure ~uld eKclt.e or.ly • horJ,aOllul 

displaoeaent of the aasa. A pure ver~ical disp~.c ... nt of the 

struct.ure ~uld elicit. both vertical and rot.t .... orual diap!.ace

ment5 of th.a ..... Thus, \'erti~al and rotational mode. are 

<,,'OuFIE:-d. -f the c~Tlter of gravity were locau,d at point C. 

t.hen horizontal. v:::cti.::al and rotati(''''~! ;",oQ",;: .. '; ... ;:'C~p\e4. 

If the characterlstlcs of the .. as and ~hock isolation ay. 
tEll aore such thAt the lIiOdes of vibr~tion CAll b:t unccuplp.d. tl.e 

sys~~m ca~ be ana'yaed •• s aerips of independent single de~.~e 

of frcedOft sy.teas. The resperse of eac~ of the •• syat ... can 
t:~ cet.t:r11Iined on the bas if> ~f inp .. ~ ~t ions ancS isolcator proper

tl':!S in .~ direction Pl'nllel to or ,-: out one of ~he principal 

in~Ltia ;.xes. The response in each one of these ~e. can be 

S\1!f1Oed ir, various vays to obtQin the total l'!!aponae ('~ the 11)'8-

tenl. ":'hf::lWII of tM raaxi:llWII response. woulcS r._}lect 41ft'reJ'\::es 

in phasing and should repr !sent an upper h.it (If tt~ acLt"IloJ 

~~tl~.S. Since it is unli~ely that aaxiaua respon~ will O~CI~ 
silllultaneo4s1y in all l'IlOdes, the aquare root of t.he .WI ol tile 
a'Judre'! of the •• :'I:1_s (rc'lt IllleAn aquare valtae.) aay =epr.sent 

a I"""re realistic IDAKil8Ula. superp",~1 •. ic!'l of aoclal re.pon ... is 

"OPT ,priat~. of course, only for elastic syste:ma. 

Althou'.,h it if. not always Jiosaible to .chi~'" a 

dynallli';l'II11y balance.! sho.:::~ l.solation systet'!l. it offerll advantage. 
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other ... :~ a 3U1pl1fic.'llion of the coapl.\\ation "ffNt. "'8r
~ce 10-}~ ~u9geat. th~t • dyr~ically balAnced ayst .. ~ill alao 

result in re<I-.)ceo! InOtion. durlng (·.cill.tl~n. ,.. a re.alt of 

t.M sb • .,nce 01 c:ouplin;; of .ade. in .. bala..~,~ .y.t .. .04 the 

usual ~~ll .... it~ .. of ro~~tiOftal input. to the .i~t~ in 

?rot.~ctj ft constr~ct iC'n .. p .. licatt..~!\., rotat .. O.,al a)t.iOD. of the 

.u.?&~d.d .... ~ill be ei~iaiz~. T~i. is ~ticul .. rly iapor-

tL~t in ~h4 c •• e ~f utqe .. 3 •••• where ... 11 angl •• of rotation 

can re.ult in large tr4n.latiQhe at extr ... locations far f~. 

the center of ~.vity. 

Because of the advant~qe. of a ~yn~cally bal

anced a~.t •• , '''6rious approaches are .o.,-,ti .... taken to .1nimize 

coupling of L.~.. One (..riterion i. that frvquencl •• in the six 

..... ahou~.d be .eparAted sufficiently t.o IIvold r.~onanc. be

tv.en the MOdea. This s1"paration .hould bo .. intalr.ad over Sa.! 

~~a80n.ble rAn~e of load. which the eyste. aiqtt be .xpect~d to 

sustai,. ,jurinq :Lt. lite ti... Becau.e of the iJIportance of 

ainlaizing r"tational 1IOde~ of re.ponse, auf. 10-10 alao ts"gJest. 

avol"i,,'J extr ..... 1v Jow .tiffne~ .... ,-" thei": .,('~.. Althov1t. ;n

cre.&e~ ~tiffne •• ~. ~n the rotational ~s ~ill add hilhur fre

q\l;lncy ,.~pcn.nt. ttl s{at •• relilpons., there i~ littl. rotational 

ener'1Y i:}t.cooUC>"d di1:t!ct.ly int.o thea, if the .yrt •• ia pr"perly 

balanced. Hiqber rotational .tiffn ..... vill alao ainiai.e 

residual i:1c.Un.at1on of the isolated platfora u"'er challC)lng 

I!ta'_ic 'oada or due to friction forces in the i .. -:»lator~. Most.: 

isolation 5y.tealS will inco~rate 80lIl8 featur ... ;.;t:ich will al

low for cha..yee in the total load "nd/or t~.trU,~,t.ion .:>f load 

on 'he isoletion platfor_~. T!l. adju.t_t.ta can be .. de by 

changing properties of the i.alatora theaaelve. or .~ju.~nt 

of ballast weiqht. on the platfo,a. 

If the oyn .. io .yetam is also ' .ultiple .Asa 

ey.~ •• , tha .YLt~ can be analyzed by t~~ aodal .. t~~ of an~l

Y81S or one of the numeric~l integrd~ion techniques (~.g., 
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Ref •• 9-1. 9-5 or 9-7). The aodal .. tbc4 of analysie require • 

• "lut .. .;;.." of .iaultene""lI equations of ..otion t<l ·det.eraine chilr

acterlatlc: Sh~~'. and freq\MlDcl ... of each .ode and ia H,.j ted 

to the elutic eA... The nt.an .. \.-:a1 techn iques do not; requ ire 

predir.tion of aode ahApe. ~nd f ....quencl •• and will handle :.oth 

ales tic and inela.tic re.pon.e. 1'he aaodAl _thod of analysill 

or nuaericAl int.egration tect;niquea CA.'! • .Iao be utied telr the 

analysie of aultiple aegr~e of freedoe, lung:e-lI\iuHI 8y.teas 

where the '\'arious ac.de. of re.ponse 6.re Ct)upled. 

10.2.3 ~y.t~~~fijuration. 

a. Individual V.r.~a Gro~ Mounting 

The two basie approaches to shOCK isola

tion in protective construction a~e to provide indi

vidually tailored .y'tea. for each cocaponent 'I tc 

group together two or lAOre it~ on a common platfora. 

In the 13tter ca.e, a ay.t .. i. selected to satisfy 

the .-cst stl"inqent cri.teria. In.OIM! ca.es, whEne 

the shock tole,::"nce of the var ious it ..... d~ffers qreat

ly. a cor~ination of ~~e ~wo approachea Ray be the most 

effective solution. Al'·.hough the re!.ative 1.·;:)catiop or 

.ize of aO!8e iteJIUII slay • ..alte :ndivia",.;::l lDOunts \..he acre 

practical approf -::r i.n certain c .. a:. •• qrnu\::, lIIO'mtj nQ 

will generall) be a8 relia~le ~nd the Ie1st costly 

.o]\,tion. 

Th~~e are ."veral advant.agos of c;Jl."LlUP 

~unte~ .yste.s. A ~roup DOun~ed aystea wlll be lea~ 

sensil;ive to variatic.l5i in weights of indlvitiual ile:r.s 

of equipr.lent becauae of the 1 'trller cortbined wf.~ight ')f 

_11 ltellUl and the rlat.:orm. With a nUlllber of ltem~, 

there i~ a1ao a qreat1l1 flexibili -::.y in C0ntrolling th~' 

center of grlivity of the letal lIIat.s. "gT<,uf D),mtpd 

.yate!!' car. _.i.~o require less "'attle5~acE than ';,·v"'tdl 
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iII"-~tly eoant.4 aye~, aDel iAurooaIMcUOAa 
bet....,. call1pUDellta h q!""~at;ly eblplUled 11 they an 
all .aante4 oa • ~in91. pIa~fcr.-

An iapo~tant ad~t.,. of iJJ:O«:p Gy.t ... 
t. cost. IaJl,,14ual .,1lnta will requint .. large nua
ber ot holator unit. with &4jus~llt _yn_ to acc~' 
-.:>dat. c!\aD".e in .... ig-ht. or perfonNnCe ~'qUi~nte. 
If adjua~nt ca~ilitt ie ~ p~ide4. tbe isolator. 
_y h4ave to be ndealgm;4 or .replace(! if vei-Jht .r.4 per
fo~oe ~~act.riatic~ e~ .iqniflc~tly. Altb0u9h 
lU'9.r. f!l'.)r8 coetly. unit. are requir6CI for the group 
~t i n~ .~t.a. fewe£ ftUIIbe.r. are re1Uire4. ancI t.he 
... otJt ..,er poWid of lrupr10rted load c,on 1 .. .ueh lower. I'be 
.. 1Atel\ance an4 oap.er.s coat ahoulr.i .leo bL 1... for the 
fewer nu.ber 0.4 t. pes of uaiu r.qutA.t 1A tN CJ~ 
lIDU'!\ted .Y.~. 

b. Platt¢r- Charac~.ri.tie. 

It ia de.~r&ble that the pl.tto~ for 
group ~unt.d .yat... be aufficiently atiff eo that 
t.be p:atfana an4 ... ociated .,WlU04 equi~nt. can be 
treated .S • rigid body. ~i. eri~~ri0n 1. usually 
.atisfied if ~ l~.t ~.tural frequency of the pl.t
for.. is several ~t.eL larqer than the n&t~.l frequenc~ 
of the .pring-lIaSs .Y.u.. tlben l.arge beavy it ... of 
equi~nt are involvea pl.tfo~ "etinl this .tiff
.... criterion .. y not be pract!eal. In IlUCh e ..... 
it wil! be neeec •• ry to treat the platfo~~ui~nt 
confJ9urarlOft •• a aulti-..... yet ... 

c. !80h~nr Arrc.'lgea.lnta 

T~re are aany ".Y. to ."'PPCrt _ ahock 
i",ol.-ted it., SO!!'II& desirable fe.turea t",l7e ~n _0-
t10ned pre"iou.ly in connec.-t.ion with d}n.aa!5cally bal
.anced syateaa. SC'ae of the core iapcrtomt fr.etora 
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.ffectlf\9 the .. lection ~f an iaolator ar.t"ltnqeDlent .ne 

• The _ize, welqbt •• ha~ and location of the C6nte. 
oigravity of ~he suspended ~.s 

• Tbe dircc.ion .~d _qnitude of the iAput r~tio~~ 

• ICOtotion of the lines of '1etlon cf the devices sho'~ld 
be SlU11 over tbt\ full ranie of c:!laplace • ...ents of the 
.yota. to avoid .y~t~m nonlinearitie. 

• COuplin.\J of .odes should I:e .tnilllized 

• Static anc:! c:!ynAlllic instability must be prevellt"d 

• It ia desirable in ~at c ..... and nocessary in SODe, 
that the ayatea x.turn to ila nomir~l poaitlon 

• Space available for isolation system 

• ~ype of i.olation devices to ~ u .. ~ 

~ ut'i;iKl ..ore coauor. g~Jler .. 1 arrangements 
or isolatora are ahown in Figa. 10-6. 10-1. 10-8 and 10-9. 
All .yat .. s .bovT are aa_~ to ~lave the •• "'!Ie :'lrr:4nge'lent 
of il"nlators in " plane throu-:h c.he centel' of 9ravl.~V (ce;' 
and pt1cpandicul.U' to the .urface of tt.e page. 

A sYJ1Detrical system woulc:! be 6r.e si 'itar 
to that .hown ill Fig. 10-5 with the i.nters~ctiol' of 
el •• tie axes and prjncipal in~rtia a~e. locate~ a~ point 
A. Since the ela.tic axea of th~ suspension syste:o" and 
the principAl inertia .xes of th~ ~iS. coincide, the sys
t .. 1, dyn«mically bAlanceJ anc:! ali aod~s are uncoupled . 
It is probably the least Ca.IOn of all tmsp~ntii(">n RyS-

t •••• 

Ir. Fig_ 10-6 (a) the .11. ... "'. is suppc;:te .... by 
4 vQrtic~l isolators. Thes. i~nlators must prOVide 
hori_ontal. vertical anc:! Lot.stionC:l1 stittn.Jsses in orde
for .:.he .yatelll to be stable \lJl-1er' all possible moti .,ms. 
Then- will be coup'-inq between ho:-i%ontal displocel1lents . 
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end roti'tJ.,·na fllbo\lt hori&ont .. l a.xea. This IU·'dfl']t.!IDEl'nt 

and that. ahovn in ,.i9. lO-6(b) are IlpproprL"t,. for tho8e 

application. vt~r. there are no conveni&nt jupports for 

horizontal isola.tor!!!:. f'iq'lre lO-f.(t.'1 ill a r referred 

a rTaflq.-ent, aince the line of action of the isolatcrs 

can be directed towards the CG of the IN.\ZS co ... llov 

decou?lir.q of SOllIe I8OdeF. As in the case of fic. 1£'-1>(4), 

the isolator eJ.elL-ents auat pO.dSe65 adequate st,lf!'ness in 

axial a()<:l late';A} .. iirectio~lI; to ins'u" ~tal:'" 1 i ty under 

st.atic Anri c1YllIIllic c.'( nditiontl. In Flg. :"0-6 Ie) the :;.so

later elements are or1.ented parallel to the t.hree on:Lo-' 

901lal .yate. ~e.. ThlS arr .. ngeJll<~nt provides l'jt;t.';lR 

stabi!ity even ",hl~n the isolator al~ments V;'Sti·,ss ollly 

e"ial .t lffness. If the CG of th<~ suspendeJ mass i!. 

located as Shovil. de;oupllll9 of .>de6 1S pobSlbl·,. While 

it i. po.Bibb! to select .. solator properties ane. qeo

-.etrie. lin t_na~ the line .. of action of the isolatoclI 

pass thrO~-lll the CG ot tt! system unde.\.· fltat ie (;ond; -

tiona res';?Onse of the !!ystem +;0 ):Il\se mot i0'18 Ioo'ill {Ib

viously alter it. geometry. When the line of actior 

of the isolators is changed due to dlSrla':""llWnt of ',to." 

mas. relative to its supports, coupling of ~~es of 

vibration vill be lnt.roduced. T~-' d"<;n!~ 0f coupling 

vill be affer.t~d by the aa9nltud~ of the dIsplacements 

and the len9~h of the isolators. A'thouqh a system 

whirt:. would prolo"ide comp; et.e decoupll n" of l1\ooe5 uf 

vibration and under all condltions of ~e6p~n5' 16 pro

bably blpract.ical. isolatu,; properticli and drrc.;.q~ments 

ahould be selected 50 43 to mInimize H.e effect of dis

p14ce~ents. 

Figure 1C-7 shnws t .... o arr,\ll<;dnPllts of 

overhaad pt'ndulUJII sh()c!<' i501at l<m deVL:es u", r.g plat

'for .. ~s to support the sensitive compont::1t3. In both 

cases the CG of the suspended mass is n'latlv<?l. 10 ..... 
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'ft~ .. typell of 5uapenslon sylltC'ea have been Ul'It!1i ."ten
aiv.ly for aupportin9 large loads in prote=tiv~ atruc
turf.S. 'l'he ovel.lead pendulu." syatea not'al\lly use. swi lei 
10ints at th .. points Ilt attA.:hlllent of tn.-t 18(,loi.or ele
.. nt 8, so gettyi t.y pr{jvid.s t.he t\o,,:,izontd restor l.nq 
force (or 8tiffne.~). Thia force and the frequency of 
the system in the torizont41 ~~ are a fuactlon of 
the !.ntal ~ic;ht of t.:he suspended us. and .h.- len9th 
of the pendulw... Each pendulWll -Sr'Il al.:- incl.udes 1m 
iaolatol. fd. .... r,t which deteX"Jl!llHt:s syutem at1.:-fllef'S l.n 
the vertical direction. The .y~t .. i. linelr for .. all 
anqular dl.spli'.cea.enta, Le .• (. '" ain e. Insertjor: of 
the vertical isolator ele~nU car introduce addit~or,aA 
nonlillearities and couplin9 between tht; pendulua iand 
vertical spring ~odes. Reference 10-7 .u9gestti tnat 
if the uncoupl~ pen4u.'.wa frequency :..s near one-half 
the uncoupl~d v~rtic.l spring freq~ncy, interchange 
of energy between the _ld.a can l.ad ~f) pendt;lUIII IIK)

t40ns qreatly exceeding thoae predictei by ll.near ad
.UllPti~.n.. ,. detailed discus. ion of thl.& problem L. 
prl'!1>ented ill Ref. 10-7. 

Since ~8t pendulUIII syst~.s have lo~ 
natural freque.~·-;ie8. they a:-e dieplacelll.ii;lt- r:"'.,siti .... ~ 
and will normally r~quire greater rattiespace than 
other syatems. Th.ey exhibit very EttIe damplng in 
borj.zontal mode. and it ia freql.:5ntly nec~ssary to 
add aome tyve of sway dasper. as sho~. in Fig. 10-8(a). 
Theae ~r.pers can be ona of several types lncludin~ 
g~p. liquid or f~ictlon systems. Cince one or the 
•• in advantages of overhead pendulum syste~8 is that 
ther require no horizontal stitfnes~ ele.enta. their 
.. ,ttc~ct .. ',.'t'nelils ia g}'eatly diminished iT: t".r.)se cases 
re<,uiring llli.:i~ont61 dampinq. 
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F19Uft 10-1 Ved.U.1f of Staple .... lu1_ Iy.u-. 

~ h f'G 

• 
~I.ol.t.ol' 

----------------~ 
"i~ure 10-9 Hi9h Ce •. ter of Gravit.y .endu1, .. Iy.t_ 

The point of attachlllv·,t of thfJ i. .. ~'latC'r 

avivel iOint to the platform det~r.inea the loc~lion 

of the horir.c-.rItal e la.tic axi. of U'.e .. :'st"l£<. Flgllre 

10-7(&» atl\..:ws two ways of varyinq t~,e point. c.'! attclch

.. nt 80 t!li\t the horizontal e1ft.tic axis CAn 1)4! llli"de 

to coincide with the CG of the .us~nded ilaSliI .\t ,:;'.e 

""quilibriwa position and help lIIinia. ... ze cO:.1pl1.n.,; betoi'!f..m 

the IIIIOdes c·f ree .. onae. 

Mother GOluti:>n 1;.0 th..: J'.N hor l-LC !\t;al 

atiffnea8 and da.pinq character.istiC'. of the ovt<cnead 

pendulua s".tea ia to ir.cline dlP pendulUfll arms li-; 

ahown in Fi9. lO-8(b). Refer ... ,ce 10-11 pr~ ·ent& ., 

detailed &n<llyais of bot.h r<.>nfiqllcat.ioh3 ;:.n·.1 .:.:,e f i.e'

tor. affectJ.nq thei." vil-,cation cbar&ctcl'iatl-:':>;. It 

concludes that the ir.clined pen-!uln. ... aystern i'S let;s 

.enaitive t< ci\an~e. in CG, provide,; static and dyna'''li::: 

stabilit" ov'!r a wider ranc;e of displaceaaent:5 and l"')ad

inq conditicns, JIIinimizes .:oupling bet.",e~n muies, a."ld 

provides rapid reatoration of thE' ,-,ystem to an equilib

riUJII t>o&ition. 

A~othflr type of OV(!llead I-'endulum syst~t.J 

ia .he,om in Fig. 10-9. Thia tYlJe has bat'n ,Ised for 

"issile susp.aosion systea. in silos The pE'o,1ul'JlU ilrlIIS 

~an be verti.::al or inclined. In this syatelll the base 

diraenli ion may be less thar. Olie--hal f l'he vert leal dis

tance frem the platfo:./!' t.J th£ CG of the lM.5S. Since 

the stiffne£s ot th'" isolators ia litll i ted by v«rtlcal 

u;o~atio;. requi.n;!Dents, static and dyr,;ullc f,tabillty 

prublems can ari .. ,. even with UIlall rotat.10"S of Lhe 

platform. 

Table 10-3 {rOo; Ref. lJ)-] 5ummarlZ~:~ pto.:

tinent cbaracterjl.t • .:: .. 0': th£· yen'_ral ty?(>s of ls,)latlor 

ayatema. ThE- fre-Iuency. ranyt·" 6"d r~lati"e ,~ujpls'~ementa 

~]J 
S34 

~ #" c; ~ ... 



~ 
i 
f 
t 
~ 

9'4ii~·.,..~.;r~:'~"1~.;:V~~~~ ...... , .... ~ __ .. __ .,.."","" ...... ~~ ..... _....".~ ___ ........... _,,~ ,'",," 

Tabl6: 10-1 

C~£P!STICS or JIOLATt~ SYST£M8 

x ~ A 
11, (2; Ut 

' .. nbllity rol' equipiMnt i~l.- rOir .... ""i~nt ... roa-~ 

"119. ticm at low h&qll4A- total , t I'UCttanl leolati_ a~ 1l'i4-

cy .Pi la~ ... la- ~eol.· ion .. t 1,* .. a.ve r .. ...-cY 

t.l_ 4t.pl~· .. nt. and .ld-r~"$ aMI .. U nt.-
f~~llerM;"y .... the ."-s>~ta 

.. 11 t.o~-
ec. ,.lati.,. 
4iepl~At.. 

Oyneaic !IIe9 Uea1 bu- Vory a:: 9"1 fic:_t .... UCJ1b1. 

Coup 1 1'19 tor acc:.laraticm 
and 41£\,,:&caI8eat 

".lIfIOn .. 

bt:t.leapAc. ('hoc\.. eopectl'e S~ apltCua Shock ..,.ctre 

t 
Jlie.tuu:.- v-.lu.es(l .. rq. 

.a1 __ Are _ 
values _"t. hort_tal a..,..c. plihe4 due to 

r-.vir-ed '''''if pitci' r .. SJon.e 

a.u--.rel (aln1.8l\lll spac. 
:equ1re4 for ... r._ .... ' 

Oynaa. _C MOt erit; ,-a1 IIOt ;;r i tic£ 1 IIOt critical 

St;UllH.y 

Stat." Itc.t critical May bo. en tical Mot cdt!eal (but 

SUb'lity (."rinq at.&b1h- aprir.4 atwUity 

ty auat bel con- .. ~~ be con-

.l.t.redl ai4ere4) i 

IIOn- ii nee r Very aiq.ll f lca"t NOt critical ".,t critlcal 

IUt ..... " 101: ac:cei.eret101l 

r~ 'jIOII" and 
rattl.'pace 
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~i.e 

Couph", 

!:.&ttleaNf; ... 
~\l1r_ftt. 

Dy~1:: 

StAbilitr 

SUtic 
St.&bUi _'I 

Non-11r:..ac 
,.;ffec'. 

~ 

."" ..... , ••. ~~.~~~~~~v~"'lj_~:1,~~ 

Tabl. 1e-, (cont.) 

CIlAMCTEIUITICI or lSOLATIOil SYSTDIS 

III \gt \6t 
It) IS) .f.) 

For equi.~nt end For totel atc\IC- YQ.- .i •• i1e 1IIOIIIlIta 

per_l plaUonN ture iaolatlon at et low frequel1lCY 

at 10001 heq\MtI1lCY a"'" low frequa.1C)' and .. nd .00;1,81'.". rel.-

"al"ge relative 6~ a- l,uq. relau_ ti_ diapl.c_~ • 

pla<:_n~. <hli!f'lac;_nta 

519n1 ficant pi tet! 5y.t_ ctwu:<6C"c- V_,ry .i"nlf~~lt 

r •• po" .. indl.lCed latk .. {.iUl be 

..lected tc) .111.(-

.ue ~11", 

Shock apeetca .c. S.-,.uc:k IOJIecua Shock spect.ra 

....hUed due to valuea a.. a<:c~ v .. l .... ace aapli-

pi ten r •• pon .. able "nan the hed 4_ to pit.cta 

~tcy opu- raaponae 
.1..", for .l.aiw_ 
coupliR9 

May be critical 1IIOt. er itictll __ Very cl-it~c.l 

OJ't. ... laed 

llIay be (""tticel Not critical wbeI> Very crlt.tcal 
OJ)t.iaiaed 

Itay e:ff>Ct ~ "feet on S )'1n1 fic_t, eUoct 

.':cel~t·~,~ 10ft arceler.t.ion on aC_'$leratiun r_ 

r-'l~rIo?C-)onat: .nd r •• ;lOnse aponae • ...s r.~tl.-
nttlespol:..1t • .,,,,c. 

I 
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o 
r.fer~ to in Yable 10-J .re defined •• !~llow., 

I.ow f reqlol.r.(~y r¥l~ 

ltid··trequen<:y t'WtCJe 

LarIJe relative di.pla~r.t. 

IIo4er.\: .• rel.ti ... displ")~ ot. 

Saall r~latiYe d •• ~l.oeaent. 

le.8 tMn I Ba 

1 to lil aa 

le.. than 40 inches 

(102 c:a) vertic.l and 

11 lnchea (35.6 ca) 

hori~~tal (coabined) 

l.as than n inc:Mft 

(38.1 cal vertical ~d 

S inches (12.7 cal 
hcri%ontal (caab1ned) 

less t.han 6 inches 

(15.2 cal vertical and 
; inches (5 ~8 cal 

horizontal t" -.bined) 

Ybe com.ent in Table 10-) ~.q.rdinq non-

lirearity reters to the tteror in a.s\\1II1nq linear behav

ior ,,~en actual respc!la~ is nonJ inell.. The ayat:eaa 

shown in Figs. 10-5 and 10-6(c) can ~! considered equiv

al.'lt to coluan .(1) ot 'l'abl4t 10-3 And tho~e of riq. 10-7 

',;0 <X'lus4\ 14!. 

10. J SHOCJ( ISOt.ATI->II CEVJI'..ES 

10.3.1 ~ntroductlon 

I'rinc;.ples of shock isolation have ~n discussed 

in preceding paru'Jrap,lli. It. will have been noted tt.at a funda

.ental eleJneLt of evury shock isolation .yat .. 1. aNa«! sort of 

& .• ",:-gy storage or energy dissipative devIce. These devia..s must 

be capable of 8urPDrtinq the mass to be ili>olated unJer static 

and d~'na.ic cond i. t; ')flS and, at the same r.i..e. prevent trans-

&1 ""'1 on of an.. h.!lnaflll !tho(;k en,-ironment to the .,.... In most. 

c •••• it i ..... equired that the 'solation device have elastic 

force-di.p:i.ace.ent <.;naracter~8tica. 80 th .. t the syst.em .... ~ll re

t ... rn to ? nOJllinal equillbriUll position aftdr te::Dlination of ttw 

aUlJport .etlon.. ..ference l~-.O .UII1II1Iarizes the desirdb1e !:!a

tur'!!a of t;'lezaoe device •• 

• The dynAlllic force-di epl.lcernent re lationship of t hc· 

isolator sh.:,uld be prodictable for a! 1 directL.·ns 

in which it i •. 'l"equired to provide stifflles8. 

..The iaolator should ha~e low mass in order to 
.10i1l\13e tran81Rissior, of hiqh frequttncy r ,)tic·ns t.o 

the supported .sse. 

• The frequency of the isolator should relPai19 coost.··.nt 

w.l.~h ch~n(]ea in load. Le., ita stiffness should 

vary ill direct prop€Jrtion to thf'~ load i.t sUPly)rt'i. 

':hia allows th .. ~y!jtelll to refltain dynamically balar.c~d 

throuqhout chan~e6 in Su~p?:-te~ Dlass an:l its pnSl'::ion. 

• TI·. atatic posi· ion of the isc!atol: element shc.J hi 

be adjustable. so +:.hat the system can be retur'1ed to 

its nOSlinal positJ.on when the .u8p'end~i loaa c!"",3nqes. 

• The isoiatot" eleJIICnt shoule. have h!l;;'i n.llabil1 ty, 

lonq life and low cost. 

The varl.OUjj t:j'P-"'~ of iSl'la~:llm devices )sed in 

Jlln8t protective -::>nstru~tjol' applications po .. ..;,·..,,, tl.~se char

acteristics il'l vi!.rying degreef>. Any real isolatc1:' has »olne 

lIUlS&. anJ if. sOlll.~ appllcatlons, the mass can l·t. qUitE: Luge. 

Althouqh this ma 3r is often neglected in prell.'Dini ry c,,1cu1a

tion •• it must. I:r! considered lr. the finid anal},sls. Nord inear 

force-displacement characte:-ist.ics are ofte:--. ,'1cc,-,pt.ed t() gain 

SOUle other advant"1ge, and R,--f. 10-12 conc!udE'>" '·.hat const.ant 

.yetem behaY'ior. In er,erqy dissi.patlve s· stems, ho .... e· ... f'~, It. 

m.lY be necessary to provide o~her means ~.)r reste,'j nq the system 
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to ;+" oriqi.Hal poJSl.tl'):l. In qen"r"l. l'Otit devi.ce. ar.e aL'91e 

rOCFcumise combination o~ the desirable felt~re_ whi.~b beat 

suit. the p,utlcular application. 

Reference 10,10 aU9geata t~at 'he incl, Ilon of 

t:;~ .. r .. y disaipatlv .. (dAIIIPinq) d1. ":cea in the i:iolati"H system 

offers several si~r.ificant advantaqes ••• 9., ~,mp1nq can 

• &. j\oce th~ _-,~erity of out~t aotlon responae 

• Reduce t.h·e effect of couplinq bet_,,'n .-de •• tt-U8 

rE'ducinq ratt lespace require.hlts 

• Res,-oce the sYlltee to an equil ibriUlJl poai t;i.on IIOre 

quickly 

• t'leCl:"t'ase the s,"nsibvity of the systea \:0 vari'ltiona 

in input 1I'Ct.1.0I" ~ 

flaapinq can ;)e provided 1;1tE'rn",11, in aoae i501a

ti(r, Jt'v.,ce:;. su_h as li'1 .. d" sr'ri..nq •• but. must be Ad~ed ex,-~r

na11" l.n oth'crs, "!.len a.1i h-?ilcal coil sprHl9s. The dlfft:rent 

types of dAlllpi:'lg offer advartage$ and disadvanta(jea which lIIunt. 

be cO.lsi<.iered in the design Pl xesli. Oaaplf,g which is r>!'"por

tiol~al tl') sc.-.e pewer of the velocity greater' than unlt~' ...ty be 

efleetiv" in at.~er,!.latin9 10100' freq'Jency corn:.-onent.a but can jl\

cre.ase the sever i ty of hlo.,lt, frequency CQIIIPOT'ents. Referer.~ 10-10 

Ii"-! tes thl s =naracterlstic is typical or Vl SCOUS, hyir4ul1.c an" 

qU<lcratic d~cs. Coulomb d.l.llplnq, wherE~ ct,e force near the 

pqu!li.triWll POSlti.·)n is lalqe, cou!d prevent the ayate. from re

t\.;:n:.. oJ to i t8 0<:01,'1<11 equlliLriWII posit',lL)n, Thus, cal'c' .lUst be 

exo:!rc) se .. ~ 11' E:ither aOd_nq dampinq devices to a syster )r 1n .,.

si<)1. L'f those is(llatC'r elelQ{>rts posse8sin.::) .,lherent c.all:pin;:; ct".ar

act ~.r l,:,r i CS, 1 f c.eqradati :II, of overall lsol.ltion I!ystero ~erfonll

an: C 1', tJ) b<" .!vo .. .i'·.1. r~.fel'ences lr.-7. 10-9. ,ld lO-lll .I.l.-

Ci"'L": det<ll ;':..:i .11 s(''':':35ion5 of the effects .:>f I!cllllping on sy~t,.,.", 

re6F:~r se, 

':here are nUmel'(,U'3 t J'pes of devicE'S wi'. t':;. ... •• De 

93~ 

used t('\ accOIIpliah the .. hock aitigation fWlctio:,. For e,.dlllple, 

se~ral id'*a} bed aw.:'utnica1-type sprin<)8 are shown in }o'iq . 

.. 0-10 alC'nq with .8'1<'-:' ated .prinq C?nat.ants. In <lOdltH,,, t.o 

the aprinqa shnVll in "'i9. 10-10, which ArE' All linl.!ar and ,'11-

da.ped. there are liquid and pneumatic de'lict::5 Whlc:h can accom

plish ".he ahock "litA,9atioa function iJlU Play or lllay not h'lVt: lln

eAr reapoll.(!. a.y or _y nC't: h.ave inhe-ent internal C:alll;:.ing pro

p..lrtiea, and 80 on. Follc'",ing para."rapt ~ \oJ.ll lntroduce !';0CDe of 

tne IICre cnalaOn types of shock lsolatiofl devices a1"')09 W1 til ad

van AgeM .nd disadvantages Zor vario~ Applicatic~s 

10.3.2 !leli£!l.!c ~il __ ~~ 

h helical coil spring ia !abricated froln bar 

stock 0- vire which i. coL.ed into A helical :orn.. ~ diamelral 

cro.a HctiC'n and ,,··uious !n<l tre.t.Llentl! oi a typical helical 

coil spring are ilLAI.trat:." in Fig. 10-11. 

The helic~l ~oil spring has numerous aC~dntaqe8. 

It i. not atrain rate aenatt1ve. is .elf-rest~~ing after ~n 

applied load bas ~en reaoved. resises beth ax:al and lateral 

loads, ha~ a linear spring rate and requires tittle or nc Maln

tenance. 

For .cst u~' lication8, th~ CQil spring ~c~s re

'.Juire a 14rqe aftI<;;.nt of L(.iace i'1 comp,u'isc, to ot.her av," IM'le 

shock LlolAtion .. yst.ema, an(, the sprir.g cannc.t be adjusted to 

compena.ate for changes in loading conditions. If 1 .~ wei..;ht ot 

a ~upported _;:'ject 18 changed, it is ::'leccssary to either ch'nge 

tht;> s~}rinCJ or ... dd ,-,,<i-ll,-iona:!. ai-cine''l. FClr IIlOst purposes, th;' 

tklica\ coil "pring can be cC"lsldeceJ to !-avl' ~t;:ro dampii:':j. If 

damplnq is TE:quirel, it l'aust ~ ?rnvided by external _an~. 

Ht.llc.>.:.l .:oi! springs ... y be used in ell.W[ co~

i,cessiol'! or extension. Extentoion spring:.> are not. : ~bJe·,.;t t.o 

1 lckling and may offer a ll."re Ccnven1.ent attachment lrranqemen~. 

Extension spriMJ att.schnw::'Otf:, however, ~ ........ suall)' more (·(::;tly 
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yel. 10-4 
TYF!(~·.:' HELlCAt. ceIL SPRING MA'l'ERIALS (allf. 10-1) 

• • 
Nallle Tensile Properti •• Torsional Proper.tl.s 

~----
lind III timate Strength El!!"ic Lillllit IT\~illl1lte Str"r.q·h Elastic Hlllit 

~-----

I.:ompos i t io:-Jko ~ 1bl in 2 10lN/Cftl2 lu 31l1/in2 lO3N/ C1II :? 10 31b/1n2 lO\-I/cm2 lO3 1b/ in 2 10~"(.'III 2 

Carbon St"'1 17502'. 121· lS~ 130-175 9"'1-121 115-150 79-10) 90-105 51)-72 
[.\E 1085 

Carbon Steel 17C-220 117-152 125-170 86-117 110·145 7ft-100 7~-100 52-69 
SAt 1095 

I 

.\lloy S.ee1 I 200-270 138-186 175-240 121-16S US-200 100-138 105-L5 12-100 
SAl: 4068 

1"'0'" 
Chrome- , 200-250 138-172 180-2l0 160-175 97-121 100-130 69-90 

V.lni:ldlUm 

All 'Y $tee 1 ~ 
SAE 6150 

C~~r:c~n II 
;,!}-325 1172-224 220-300 152-207 160-200 100-138 DO-l6u ~O-l1(i 

flll.oy Steel 
. SAt 9254 

I 
I c:,~. ~ 1 co n - i: 700-250 119-172 '80-230 124-159 14f)-17S 91-121 100-UO 69-90 I Mao9'"·" II _1_. Alloy Stt>f:lU 

51\1:: 9260 1/ I 
• Modulup of elautlcity E-30xl0 6 psi (20.7X10 6N/cm2 )I "hear ~dulu. G.ll.~xl06 psi 

(7. 91xl0 6
N/cIII

2
j. Use slightly lower value. of E and ( tor hot_ou .• d cprinqlll. 
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~ uaual 8pecificatiQfta for a sp~lng viII 1n

c-1UJde at 1 ... ~ the IMxianIa l04d and ej ther t.f\e apring rate or 

all allCNable defl.ctic;..n l"!wSer this loed. When uaed a. ".01,,
\:ors in pl'~ti .. Q. ~.t:ructiOQ. a dynaaic "-flection IMY alilo 

be apecified. With this guidance. it: h pocaible to deul1IIine 

the required Aprinq characteristica. For a given .. a~ at.,ic 

axial load lid all""'able 4efla.~ti.on under this load. the aXial 

aprin~ Kc~e ia given by 

It _ \if 
r;--
st 

(10-1) 

~ 

w • axIal .Load 

Aat - static deflvction 

~he .aial apring rate of a helical coil spring 1a 

.mere 

d~G 
k '" ,,,3. 

d .. apriaq bar di ... ter 

o • ~D.l cpring,di ... tar 

G • .twa,. 80d u 1 ~ for L PI i ng Bater:' a1 

" ". nUlllt:ter of active coLli 

(10-2) 

A helical coil ,,!lrinc:, i. _de \; .. of ~wo clan"!. 

of coila, depending on their f.lnction 1.n the spring. The «ctl-VA 

colls a~e tho .. coi:s which are re-?Qnsible f~r the spring'. 
r.ar-mae to 1aoct. or diaplace.el'lt.. The inactive coila are 

those coils at the ettda of the apri"'J which ~lp provide Means 

of attacillllent. The nlmber ot act!.v.. coila depends on tM' re

quired apri"CJ characteristics. Th .. nUlllber of inactive co!.ls 

depend. on the treat.Men t. of the apr in9 ends. In.oat ",hoc:t 

iaclation ~pplic.t1~ •• the end will typically ~ ~U4reo a~d 

qround (see Fi'1. lO-Pb). ':t.r. nueber Of !nllctive coila for 

this condition is two. one at a.d, end. 

945 

Fca. Eq. 10-2 it ie 8~en that a la:~~ number ~f 

collbinationa of bar di4lDeter, spring dia~ter dnd nwnbf.>r of 

active spring ceila will liatisfy a <Jiven v"l .. e of ~pring r,.1te. 

Ther .. are otht':r 'ct"iteria. ho" .. ver, which must b, sa~ 1 sf It:d anc 

these criteria help narrow the number of worllable c~'~iTl<ltlOns. 

Aa inti" cated in an olar llar pardqI dph, tnt~ spring 

will oo,....11y be J'e~uired to deflect some specd Hod a:w.::,unt wit.h

Ollt bottoaillq Ol..t. The bottOlllinq Ol.lt condltion o':curs \ohen th(> 

aprin9 is fully c(apressed wlth no apace remaln,ng between coils. 

The tot .. l (I(.:fl~ct .on which lIust be ac(:o •.. ooated l!> qlven by 

~": • c: (tst + t'dyn) (lC-3i 

vhere 

Cf - fact ,It' <: ~ .afety agal nat bot l I>minq 

t..t .. atatlc d flecti·.)f\ t..f a;;>r'ni 

ddyn • dy;\_,,;.'c deflactif"'1'l ot spring 

I.: thQ'lqh permanent set may Of accertabH' in some 

in.t.l'lc .... h: ia Jlozwally required that tlw sy£telJi retu",) 0 i·.~,.. 

.... riginill poait;Oft. This .. .n be acca.pli .. hed ir val'lOU. way;.:. 

but tn. IIOst e'~ .appr'o.ch in the eLse o! hel ~cal cOll springs 

i. to pl'.W'nt inela.tic 6ctioo. In o:.:dc . to tH"V",~t L\elastlc 

4etol"loat.lon of tt:t, spl1n.: in "h~ event ,:,f oVi'rlsdd, coli sprinq& 

a~e ua"al:ty c! •• i,ane<i Il() ,"" .. t th~ el<lsti,: I!I'K'''':." ,,,renqth of th€ 

spr\ug i. ;\Ol_ ela.~ee:ded · ... hen the 3prlng ~a LIlly cOll.?re;.c:ed. Tt.e 

lo",d corre8\"ondinq to '\'&~l c.O<lIIpll?ssi,:n is qivciI t,., 

p* .. It "t (10-4 ) 

and tha ••• i .. u.lII shear stress at full compresslo;, \5 qlV"tl bl 

* 8P 0 
Traax -:'~j" \10-5) 

"~r'" I( 1< the Wahl corre.-:t.ion factor WhlCh lC('('uTits tor the e!

tc-ct cf .>rinq (.'011 curvature on maXl:tlllItl litre,,!; (f~~. 10-12). 
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Fi~ur. 10-12 VQlu.a of ~hl Str.aa Corr~tion Fa~tor f~r ltouM ... 11".1 utenSlOft or C~r",~sion Sp .. ih4i"' (I'ef. ! 0-1 ]) 

.,.7 

~"".'~, :X.; ~t1A-";l.'-f~,vr~·· .rr.~?\¥",~~~ .. :·lr; ~lf~~,.~ 

The ~Jft9 inde. ahown in Pl9- 1'-12 is t ,e ratio of tb ... an 
e~il d~ter t~ t~ bAr 4l ... t.r, 1 •••• 

C - 1;)/4 uo-u 
~.t101t 10-:; ca" be .. earrarw;ed to qive the lo.ci .. equ~red to 
fully COIIPn.a t!'lo'l apdJ\9 in taHIII of t.hl& ..... iJaUJII allo"'lblf" 
ahota.. at.n .. , i •••• 

• p .d1 
'd2 

• (i(o taUow .. ':I(C T,s:'low (l~-" 

P19U~. 10-11 givea l~11ow for two OOMaOn .pring atael$ ~ •• 
f~nc ion of bA~ and aprinq di~m£t.r. 

The .ffpcti;.~ MoUd hf'iqht ot t.h': !'pnnq is de
fined a. the overall 1tei9ht of the acti'le coils wnf"n fully COIa-
pceaHCl. The allowabJ., deflection per 'mit len9th ot etfecU.ve 
aoUd height b 

At ni\.l1.~ 
6 - h. -,,~ [£]2 

., 
we· 
-;(7r Tallow (l0-8) 

when h 18 the effective solid height. n-.e nUllber of I"::tive 
colh 1. 

h 
til - a (l0-9) 

!be total free hei9ht of tbJ spring le the everal. hei~ht undvr 
no-lo~d conditions. It ia 9iven by 

H • h + At .. nd nO-10) 

where n ia tnQ nu.ber of in~ctive coit. 

In o~de f to pr~ven~ lau ... al buckl i f.q ot the 
aprin9 ""to ~rea!l.d. ii.ita are p'acec. or:. the rall.o ot fret.' 
height to t~ ~an coil diameter. Fiqure lO-l~ shows the criti' 
cal bucklinq ratio tor tiltO epri'19 end conditl.ons as " function 
of the ratio of t~t.l axial deflection to free height. Points 
below and to the left of the curves represent ata~le ratios. 
Points above 3nd to the riqht of the curves represent rat-ins 
where lateral buckling is likely to occur unlea. spring qUldea 
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~~ pruvi~ed. ca .. A ahown 1n Pi9. 10-14 1. ~ of tea enoDQD

~.rad in pract.ical ~llcatiODa and should be a~a~ oaly wlL' 

caret,.'l jud~nt. Ca ... e, which 1 .... raUy applicata'.a, CaD 

al~o be uae4 Vl~ re • .anable accuracy for ~rlD9. with hlnqed 

.~a ¥bieb ~r. ~n.tr.lne4 to c ... ln all,ne4 axlally (Ref •• 0-1;. 

'I'be c1eaiqn proc. •• i. a ~rla1 and 6.rror prcv...ture 

wbi~h iD~.~~ .. l~ctiD9 a ca.b1natiOD of sprlnt pro~rt1ea 
"hich vl11 (.ftlvi4e tbe de.ir~ ..... pea .. vltboGt causin9 peraan
ent def-I'lNUoa of the apriA9. Knnwlng the .. i9bt 01 '!~ lu. 

to be .hock 1&,lal . .,4 ad the cleaire4 fr~c:y of the ",solation 

ayat_. tl.-t re<;pj red apriluJ r~te can be fOUA4 troe 

wbe~ 

It • !!~.,2 
~ . 

• -.iqbt of tM it .. 

f i.olatiae .,ste. frequency in 8a 
9 qravitational conatant 

UO-U) 

~~ static ~flectlan i. ~.lilJ fouad fro. the rel.t10ft~~lp of 

Sq. 10-1. ~nlea •• pecifi~d otberwl~, tne dynaaic deflection is 

CJ8nera.ly taken eq\i&l to t.he at.tic 48flectiOlil. '!'he total 48-

f~ec~iOft t~ be a~.ted ~.n ~ow be found Ly Sq. 10-3 .f~er 
• chooeinq a suitable walue for Cf .nd the ,ntial 104lCl •• , to 

fully ~resa th~ aprin9 froa Iq. 10-4. 

At tnis point. c.~ can choo.e a sprirl9 Inde., C. 

and n.n4 the correapondinq ~1 eorrection factor. IC. fro. 

Fiq. 10-12. Then, uith a .~i~able walue for the allowable ah<ar 

.n_~.Js, the bar 4i .... t:er car. be foo..'Iod by .olvlnq Zq. 10-7 for ,\. 

7he eff~cti~ solid heiqht. h, can ~. found frca Sq. 10-1 and 

the nUliber .~f acti ... coils fra. Eq. 1"-1. The total fr .. beiqh:. 

8, f~ ~q. 10-10 should be chocked f~~ stability by .. ana of 

Fiy. 10-14. One would n~~ have the req~ir~ deaign paraaetera 
for ~ ~~1i .pring. 'r-,,- apr: i":~ rate ,)1 d.e c'''dV'' spring should 

be calculated with .... lO-2 aa-i COIIp..rc-i ",lUI t.le desired syatea 
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.~'1a9 rate. If tiM c"-'~ieon were not Ht.,i.factory t!\e ,>1'0-

ge •• describe4 ~" 'WOUld be repeated until .atiafact."ry aqroe,a·· 

_at va. obtained. 

Belt,.l coll·aprlD9s are (·lso requirt"d to ,,-eaist 

lateral loeda 1n sa.. ~pplicationa. In all ca .. &, l~ is da8~r

abte to ~DOV bow .ueh re.i.tance the aprin~ offers tc lateral 
d1aplacc-.nt. FQC' the C.ltot of a c~T'ea.1on sprin9 under verti

c~l 6,,4 l_teral 10.-4s. "~th. - 30, .. 00,000 psi (20,700,000 ",:ca2
l 

and G. 11.SOO.~O pai (7,9JO.OOO R/ca2 ), P~f. 10-8 givea the 

leter.l 4~rlnt rate a. 

when 

Ph d( x l'~ 
kb • t b • ChRD (0-. 2048:2":;'''-0-. 2-'-S-0-'2;;-)-

Ph • lateral force 

6.89 x 10 5 d 4 

ChNO(O.204B.2~5~) 

Ah • lateral daflectior due to Fh 

~ .. factor -iepun4inq on Ast,lII and HID 

H. • co.pre •• ed height of spr in9 (H - ~.t) 

1t/in 

(1(\- '-.2) 

R/em 

Value~ of Ch are 9i~~ .n 719_ 10-15. The ratio of Axial tc 

lateral .prin,) rate. lor spr\nqa .. nufactured frOll". 'Jl3i"erials 

.......1' ,UG .. 2.E (as ,ll·ove) is ','tven by (Ref. 10-8) 

k [(II -~-l.U'}.. 0.204 Dar t o. 26~1 
J 

-- - .. (10-13) 

It haa been fOIlr.<\ tt.~t lateral spr~·'9 ratell calculat~d frau Eq. 

10-12 a3y diffe! ~y a. much a8 lS percent fro. avail~ble lest 

results. The differences are apparently due to ctevia"ions ot 
the actual case fro:n the \d ~a 1 izoo cond i. t ions .. f,;suraed in the 

theory. 
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10.3.1 Tor.ion Sprine 

':'0;: Ji':>d sprillgs pro v , de reaistance to ton.fue ap-

,,11e4 to the spring. In sbock isolatlon applicatl<Hls. the t0rq~ 

1. '~.U4111· the result of .. 10<1d appli'-'d to a t.orf;l.On levE:r which 

•• part of t.he torsion sprine; .y.tem. A typic a 1. haT ion apr j n9 

.hock ieolaUon sy.tea i. i11u.trfoCt,~d in ;·iq. lO-'l~. 

Since t'w Axis of • tor S '"on .pr 11 • ., 16 nonnal to 

the direction ~f Qlsplaoeaent. i~ can b~ uaed advanta~eously 

wben the space in the direction of dif.pl~cement is lilll~ter:l. Tor

.ion .princ;. have linear .pring rate\l, are nol" stra~n .~lIte aen

a;'t.ive, .elf-restolln,,J. and requirE' little 0": no !!Iajnt.~nance. 

Torsion aprinC)s cannot be l"dJusted to cOlBpenliat.~ 

for changes in weight of shock isolated e{:uipm...nt, and d. "'ping 

\'ust be provlt!f"( by exte .... nal JUans. • i:e 4xia 1 len9th of 801M:! 

t~'PIS .,..ay preclude their uSF' ..,hen spa.:e is limitEd. 

There are three basic tl'pe£ of ton.i-:)!) 51'rin45, 

(1) torsion bars, :;0 helical torsion spcing8, an" (3) flat 

torai,~ sprinc;a. Tbe type to tx uoed vi il \iepend 'jpoll d..e s~ce 

.v.ilabl~ .and the load capilclty required. The tor'Slon bar is 

DO~lly ~~d t~r l1qht to h~~vy loads, the helical torsion 

aprinq Cer liC;ht. to lIO.Jer.tte )oad •• ond ln~ flat teraion spr ln~7 

for liqht lo..d8. Tne torsion bar :"8 the type IIIOst cQ1IUIl\Only 

found in prot,C' .. i.ve structure ap~li~3tion;:: anu is the only type 

diacussed in following pa'ra9rdr~.. Referel'.ce 10-1 describes 

proced~e. for &'siqn C''' the other t.vo tjpes. 

Th" torlJion ;lar is IIICst cOIIIIBOllly us.~d where 'arqe 

lo~da euat be .uppor~ed. A t}~ical bar is illus~ra~ed in Fiq. 

10-17. On the boais of the ratio of enerqy attIC< J€ to devic.-e 

w.iqht or vo}u_, the t01"~HOn bar is one of the mOl5t. ertl.clent 

.prlll9 ayate.s. Its di~ter and lenqt.h can :~ "c,r le~ to i!'~l.t 

the applledlOtad. .nd availab:e 8pacE". For IllUft '. Clct ieal 

9S4 
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~, it. aay oe CQr\.i __ a:.I t.o .... sen ~U'l. al~ 

4laFbMj .. " be a44a4 to tM 8boa.k leolat.laa a,.t.ea u.n. ..... t._ 

~ .t.rut. ..... ly. 

'1'0 a1aiai .. &leDdJ.-v .t.,.. .... aDd incna ..... rvtoe 

11fe. tonic.) baa tho"U N .~ at. botJa ..... an4 fUt.ed 

vitia a..&riaqe "t. t.he .......... rotaUon t.ak .. place. 'rill. De-

~ .. iuttut t.:-.. .wltional ........ of beartav avpport an4 ber 

.... ~i"" .,..~. 'l"br! eft48 of tor.lon ban are " .... 11y apline4 

to fec::il). tate con".cU ClftS, lartje at.n.. OOIlCltn~ .. atiODa can occur 

1.0 t._ " .. ("tAit:y of t.bllJ" .p1 ...... 

fts hexiaa applied 10M and allowable c1efl..ction 

iIaI8t. ... apeciUtt4 or: a •• ~ before a t.oraiOll bar can be cle·· 

..;........ 'I'M -.,.xia_ allowable atrea. in the ber vU 1 depend 

.,~ t.be _tertal .-d for t.be ber, the fabt"iC41tion proc.a., 

... tIae uUcipat.ed lr')A(lin9 coo4ition •. 

Steel •• ~.t&d for UIM in t:c..caion bara iD·· 

clude SAIl 1"0, EM '460, an4 8M 1263. 'fable 1'0-5 shows t.he 

.....,..t.ed _x .... allow_1a aMU auesac. tor tbe ... t. .. lE for 

.. _lCleM f~bricat.1e"\ proc.aa.ea. '!'be SAB (Soci.ty of Aut.omooive 

"'~r.) r~nda a pre .. ~tiA9 atraia of &9Proxta.t.ly 0.22 
.~4i ... whe~ to.~9 1s in ODe direction only., In applic.tlona 

~re the loadin9 can cav .. ~al or nearly equal rotati~t. in 

e:.tber directlOll cf tviat, preacttint will not be t.enefic.iaL 

TUU 10-5 

an_ AI.LOIfUI.R SJIEAR S'!'USS l'OIl 'I'OMSla. 8AltS (aef. 10-3) 

~.11Ot.'ab1. St .. -. •• Fabricat.ion I (tel) kIC/\!Ia2 Proce •• 

-leo 9".~ Sbot. P .. ned M4 Preaet t 

12.7 , Preact 
I 

120 

105 72.< I ShoO ...... 

~ 59 to 75 40.7 to 51.1 Unproce ... J 

ts7 

__ . ___ ---. ... ~~f ilIt1:_1I1 . ____ " __ ""'."."......,, .... ,~~ ... ,._,. '" .,,,..,,,.,.,., __ .,_,,..,;#,,,,,., .. lI;S1".·C'''w~ 

i'he 4oiaai9'ft ~rit.ria for a tcrAion bar iao14lto.~ 

will ~ly include the wei9ht. to be auppor~0d. t~~ fr~quency 

of ~be .yat .. (or spring rate for the bar) a~d an allow~ule 

d.flection. II t~ vei9bt And ayat~m f~Bqu~ncy &~e ~iv~n. tl~ 

n.qulJ:ed aprinq raUt in unit .• of force pe~' Wlit deflecUon can 

be cletel1ii1ned frga Eq. 10-11. TtMa oprini rate can oc deter;:·ine<\ 

f~ Eq. 10-1 if the ."i>POJ:t«d wei9ht altd l'llowable st4tic de

fyeti-on are .pecified. For ~ll detlecticm angles, th .... prill~ 

J:at. of a torsion bar ia.ol.ti~n .yatea. Ui qiven by 

where 

It _ Cd 4 
--:::-2:
lO.21t L 

It 

G - abear .adulu. for to~sion bar ~terial 

d • totsion bar di.-eter 

.. • effecti". lenqeb of I.cn:e.l.on level 

L. eliective lel'!'1th of torslOb bA":' 

(10- 14) 

~he effective length of th~ torsion lever i. the ~l~t~n~ from 

\:be tOI:Sltlll bac centoE to tne aupport strut cet,ter. Tr,:! effec

ti". lenqtb of the tor.ion ber i. that ~~rtion ct ~he OdT wh1Ch 

i. re.pon.ible for the bG~·. ac~ion. 

It ia usual prac-tice to desi",n ,. torsion bar sy.

t .. ao t.hat the le\'~r ana 1s perpendlcular to the s·.,pport strut 

at. the at.atie ~sition. Then the torque applied to the tor~~on 

ba~ co be reasonably .pp~·oxi .. tt!d by 

T = RF (10-15) 

where F ia tM force at the end of the tOT510n lev,,!'. Th+~ 

length of the toraion lever:- .ust be d.:t.enuned ~it-her f':olD 

a .. ellie.tiona concerning • part~cl~l. .. r application or by d 

trial and error process. In t~~ absenc-e of oth~r q~;dance, 

a l.veJ: era length equal to u,ice the lII!AXimW1l def' ~.?ct 1::>;; i iii 

auQge.ted to qi VI! a near::'y constant. spring rate t.U')lIC' the 

total deflection. 
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Yt.. force at t.be eDd of the t.nraion bar la eq\Ua1 
v? the product ot the .yptea apriQ? rate and 4i.Fla~nt. At 
total deflection, the .. xi.ua torque i. given by 

• or III RkA
t ClO-16) 

and lhe torsion bar 4i ... t~r ~irad to re.lat the ... ~ 
t.orque can be found fro. 

d· -_.-t liT- Jlll 
'IT.1,?V nO-!7, 

The effec~ive toreion bat length required to a.c
~t~ 1-he aIl~i~." torque and tot. "eUect:ion 18 given by 

e j
4G 

L .-.L,-
• S'4T 

(10-18) 

where ~t ia the an-;ular deflect~on in deqreea •• K-::iated ",ith 
the tot41 deflection obt41nQd f~ Bq. 10-1, or 

e . -1 A.t -1 A""r: 
t • un (e , .' + -t" ee, f) ClG-U) 

'!'be portion ot tile bar with unifon. di ... ter i. a 
function of the affective le"9t.b u4 the tapered length ( ... 
Fi~. 10-17). It is (Ref. 10-1) 

",bere 

L. • L. -~ L t ~ 1.;) • (1.;)' • (1.;)] 
do • di ... ter of .plined end 

Lt - length of bar taper 

(l0-20) 

The length of bar taper depends u~ the taper angle and t.he 
.pl!ned end diameter. The alni.ua splined end di~~ter re~
~~ded by the SA! i. 1.2d. The .pltned end. are f~ired into 
the b8.ic bar with a 15* maxi.ua taper &nqle and ~ fillet r~dlus 
of 1.3d (Ref. 10-3). For a .. xi.~ taper angld and • ~iniaua 
8plified end dia.e~er. the taper length is 

L
t 

,. O.J73d (10-21 ) 
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fte foU-:;"in9 procecluce ia aU9gest.ed tor M'.actiJ\9 
toralon bar 1.o!.~"~ par.-ters. If ~he a)'stea frequ'locy a.nt~. 
supported ...... are spacified. u .. Iq. 10-11 to fin4 t'le requ!TE'CI 
.pring rate. :f t~e .y.u. 'Might and allowable stat:i c deflec
tion are apeclfle4. t~ required aprinq r.te can be dete~ned 
frca Bq. 10-1. .oaterllino total deflection based upon the static 
deflection. requir.~ dynaaic dafLect~on. and fa~~or of safety 
u.ing Iq. 10-3. Determine the aIlxi_ torCJI_ at total d~lflec
tion fro. 3q. 10-16 u.i~9 a specified or ... ~ toraiwi lever 
length. Th. required torsion bar dia.eter can then be obtained 
using Eq. 10-17 and an allowUlle !lbear streB,.. The a:lowOl:hle 
aheu atrea. will depend on the fabrication process se19cted. 
The required ~ffective ~ar length can be obtai\~d fro. Eq. 10-18 
.fter tbe total angular deflection haa been determined tI~ 
B<;. 10-19. Tt.e bac ta~r lenqtb can bt. ca.pU:':ed .,tter the 
aplined end di.aeter is selected. If the ainiMel 3pline~ end 
diaaalec and aaxiaa. taper angle reco.roend~ by the S)~ are 
used. the tapered length can be deterain~d f~ Sq. 10-21. 
Finally. the c~uired Wllfora dl ... ter bar 1encyth call be ob
tained fro. Eq. 10-20. 'lbe fi.ld design should be checked by 
ca.puting the design sprlng rate ualng Sq. 10-14 and ;:omparin~ 
it to the .ntqu1red spring ute. 

10.3.4 Pneuaat~~ !prinqa 

Pn.ua.tic·sprin~s ar~ sprin1s ",ho~~ Actlon is 
due to l:he re~iliency of CClIIPn.ssed ai:7. 'ftMy are used in a 
manner .iailar to coil splinq6. The t\110 b.sic tYJJCs art· t:~ .... 
pneUIUtic cylinder with single o~ CXltIIpC'Wld air ch~rs and 
the pi.c~~ !.-: '--'" ---............ "' ..... 

Pneumatic .pring. h 4 lfe the aJvu,taqe of being 
adjustable to coapensat~ for load changes. The spring ra~e 
~an be ... de apl-'roximately linear over ene r Jlgt"; of deflection 
and highly non-linear over anather. They are quite vers"tile 
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d_ to ~ ?U1ety of ey .te\~ C'~&'.cteriat.ice lIIbieh c_ be ob

tai.fta4 try r89'llatioa ot a,iE M Ntveen the cylinder cbaaber 

and the ~_,"..oir t.uk. s~ _l' the .ariatioaa which are iO .. -

aible ... ref 

• V.)~lty eenaitive ~1ng by a .. ~!able orifice 
hat .... cbaIIber aDd nee~1r. 

e DiN.Pl~t .. naiti .. ~ing Ly ... rlable ~lfice 
c:ob\:,roUed by CUffeAlfttia1 prera"re bet:. ..... e~.r 

Gft4 J':e .. ~ir. 

• .:\ .. .u:ly _ataat ~i.9bt _intau..P uncleI' l"lowly 
ehan9ift9 atatie 10ad ~y lnerea.ift9 or deerea.ins 

.vat.. all' conte~t ~1"9 on external air suoply 
aDd • 41r,la~nt .. naitive •• rvo-ay.t. .. cODt.rollinq 
inlet an4 ext.a· .. t .a1'.,.._. 

• A conataat hei'lht u.n4er w1clely van 1~ teJlll)erature 

ach.r.fWed by the s_ ayates1 described above-

'!'be .i_a4.auta.9«!_ of pne.._ati.: spriDCls !.nclude 

hiCJher COlIt .... A _" frag41. co~.t.n..-ctiClr.. '!'hey ha .. a lill:; ~cd 

life iJl c~vlrcxt to IleChanical .pring. ant. provide re.il"~-an<- .. 

Ol'LlJ to axial :..o.4a. 

a. ~euaatle CyliJa4en 

Pneuaatic CY4jnders an fabricated in the 
l 

";W() basic caI).fiCJU't'.t~ona illustrated in Pig- 10.-18. Th~ 

.prinq rate of the .i~le 4ction cylinder is nonlinear. 

vit~ an i.'crea.inq aprinq rate for po.itive deflect!'l"\ of 

"'. piston and a <ken .. !,", IIpr1nq r·lt'.) f<>r ne<Jat1ve 4i.

placeaents. The double action cylir.4er alao exhibit. a 

nonliMar aprit19 raU viti an increaaing rat. f'lr both 

pot:itive anCI Qe£'at.i •• cti_Fla~<:lt.. ':'h •• e c:haracteria

ti~. are illuatrated qraphlcally'n Fiq. lO-H, which ia 

a plot of the _ciffne •• r4tio ~rLa. the diaplaceaent 
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nUo. .".. ~f ... la~nt raUo ie def1ned. br 

" - ylLo (10-32' 

WMr. 

.., • d.flection 

L() • cylinMl' ch4lllber l.n')th (a .. FiC}. 10-20, 

Lo) • L02 • Lo for a double action cylinder 
at the neutral podU",,) 

IIote that the spring r.t.s a.re .pproxi--.aaly lin.ar fol' 

.In..,1. action cylindera an4 alllaat. C('I'8tant for double 

action cy'~I'. at dlapl~nt. ra~10. 1 ••• ~. O.j. 

The spr~nq rate of pnpuaAt.ic cylindAr. 

1. a f~nction of d~.plac ... nt.. At the neutr.1 position. 

the .pring rat. of a .in~l. acti(~ cylinO~r 1. glv.n by 

n A ~o 
k - ----o Lo (10-23' 

where 

A - pi!'<ton area 

n • 'las ·:oonatant for air 

Po .. cylindez: ,~ha.h,)r .lir pre •• ure al atatic poait.ion 

~ :;_ u:. ... t .... t fOf" ai.t' to be uaed in pne .. aU.c apring coa
put.at~ons is • function ~f t~~raturel ~owe"r. for t .. ~ 

peraturE. l~,.a than :,OO·F (26C~C), it can be tak.:-n equal 

to 1." with :mly alig'lt er .... or. At pc.sition. ot~.er thATI tile 

neutral pos it ion. the spring rat. can be det.:. ... i~ froe 

nA~' at (Y! - -rr "--\Lo - y 
(10-24' 

where p' i. t~ cylinder prea.uru at the displaced poai

tion. Note that p' lII\1at be detedlinee at each position 

of interest. The p:~ton action i. usually consider.d to 

be a quaaistat::'c-adiabatic process {z.'ro heat exchanqe) 
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18 .a..t.cIl c.-. cAe pr. •• u.re eM be cletleraiae4 frca 

p' • Po [ £0 £! Jft (10-25) 

I"o.c' double ectl<ID cyl1 .. ders tbe neutral 
pcMiUoo _d.ng ratA 18 91y ..... / 

[

p A 
l:o. a -~ • 

'"01 

po~~l 
L02 J (10-26) 

~ th.t A1 wl11 dl,fer fraa ~2 by the ar .. of .~ piston 
abalt. altboQvb LA ao4t c .... tbe differeace. 1. -.vli9ible. 
M poaitlO1la ~"r than u.. cecatral po.itioa, Uae .prlng 
rate i. 9 i vea b:r' 

~ · 'J P1 Al Pl ~ 
&(y) •• rt - yJ + (t - y) 01 02 

(10-27) 

Ae ia the Qk of .ingle action pn4tWlAtic c:yUndera, the 
prea.ure. at di.placed poaitloaa .ill 4eterai.e the .pring 
rate. Foc a qua.iatatic-adiabatic proce •• , the pre •• ure. 
ue CJift'.Jl by 

PI Pl[ Lo:"~ .]" (10-28) 

• L02 [ J 
n 

P2 • P2 L;,2 + y 
(lO-29) 

Tb..'t .addition of .ur~ tank., a. illu.tratf!d 
in Pig •• 10-20 and 10-21, will provide 4a~inq An a pnet -
•• t'; c ayat... The effect. of the aurge tanka on thtt neutral 
"I'rinq rate clependa on the diaplaeelloBnt. f~nc:y (fre'4uency 
of ~ dyn .. ie d1aplaee .. nt.). The neutral ~.ition .pring 
rate to'r low frequen ... --y di.plac ... nt i. obtained troa the 
c71inder and aurge ch~'r YOl~e and pre •• ure. at the 
neutral poaitian. Por a cingl_ action cylinder with a 
low di.place .. nt f:equency the spr~n9 rate for ~~ albitrary 

9':;5 
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po.i t 10a of Ua ;,:liatOCl La gi".., by 

k"~~ 00-30) 

where . 
V + V 

C Ii 

Vc - c:yli_nder ch.-ber volwae At ArbitrAry ~>(,sit;ion 

V. • .U"~ tank YOlu.t 

At high fnr-::'l4tncy, t.~e air flOtf bi;)tweerl the cylinde: a.nd 
the surCJe tank is lbli1:_t.d And the sprinq rat~ .. q ~ven by 
aq •• 10-23 and 1u-24 can ~ uaed. 

f'or doubloa action cylinders witt, equal 
aV9- tank and cylinder volUJlles and s.!at.em pr~'lS,"l,"e8 on 
betb aid.a of tl!e piato:.. the ne1Jtral positi:>n ",pring 
rate for low fr~uency di.plac~~nta 15 qiv@n b 

2 2npoA 
)( - Vc .--v;; (10-31) 

jqu&tion. 10-26 and 10-21 can be used tn determlne the 
neutral and di.placed aprinq rates of A daaped .J'::'lbJ ~ 
action pneuaatic cylinder under high frequency dl~place
_nta. Relerenee le-ti conta:.ns additional q-.:idltnce or 
the effect of aur~ tAnks on pn"'umatic sprir.q chalaGter
i.tics. 

The area of the pnellmatic cy\::'nder piston 
i. baaed upon the- allowable pressurea in t~e cylir,det- and 
the loada th'l~ •• .. 18t .Je carried uncel.' s':.atic And ,1ynaltllc 
conditions. For single <.ct.ion pn(>U1\\.~u-_ic cylino. rs I the 
required area 15 glven by 

ko t.t 
Ii. • -----

Pallo'W 
(lC- 32) 

where Pallow ia th'" ~ximUJll allm.,otble sysrelT' pc<'r!:>UI'e. 
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The pressure which .u.t t •• atntalned at the atatiro 

neutral positlon ia 

k ;\ 
Po • ..J!,.._5.! ilu.-ll) 

The f1n.! dimer.slGn ~ ~~&&rY ·0 describe a aingle action 

cylinder ia the piaton ch-.ber length .t the .t.~ic po~i

tion. rf a dynamic disF-' '~-NHh has not been specified. 

the chaabt:r hnqtb Can be foul.d froa 

to 
n A Po 
---lt~ (lO-H) 

If a dynrtaic displaceMent is specified, the ~haaber l~n9tn 

Hi baaed up.:m an ••• u.ed Uneat response ranqe. Le •• d;,. .... 

7l1 •• cenent r ,t.io le •• thAl' O. 3 whi(~h lead. to 

Lo - 1.33 \dyn 0.0-35) 

The diaen!.ianinq of , dOUble action cylinder 

IS IIIOre d.1fflC'ult. he.,~aus' of th.: ad<lit.lunal presaur1zed a1r 

ch~~c. T:-e P~flton a"~a can bot eatiaAte~_ fraul Eq. 10-32. 

if AI, allC:"6ble presa,,'n!- has been speclfied. In tt.e case 

of ,jJublc act:lon cyU ,deca, p.,Uow ia t.,ken t.o be th-3 .llow

ab';'e pr~s",ure dl ffet'T,ntl.al bet:veen che two .dde. of the 

plf't..~n. In 'llCst casea. The ar~.:s of the piston ehltft c-an 

be M·qlect~d and L.-.! areas ~l "n~ A2 co;-.sidered e-qual for 

pr-eliminary desiqn. 'the lenqtn of thv chambers can .:"lc~ 

be t:ak"., equ.~: to th.1t glVc..:l by Eq. 10-35 for a ~ial 

d,-'sign. 

Thf' p::elisuz:-es requircd at the neutral poai-

t~ ion !" t':f' t'c'O .:-hambe .:-a.n ttwtn be deter.llJ.ned fl_ 

;:t12 ~~r ~~ -. 1 
2].. n • s~ (10-36) 

k~tst 
Pol • - ~ + Po~ 110-37) 
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The above 81ainq of tbe double actlon cylindor provide. 

a prelu-in.ry design confiquration which a&y hAve to be 

cevi .. d to obt-ain the deaired cc.binaUofl of sprinq pro

pertie •• 

The followir'i qeneral prQCe(Jl.I.rf. i ... :Jqqested 

~or 8iain9 of pne~.tic cylinders. If th •• yate. tre

qu.n~ and supported weiqht are specified. £q. 10-11 ca~ 

De uaed to find the required sprin9 rate. The lIpz-i.lq 

rate obtained is the neutral position ~prin9 r~t.. If. 

the ayat_ wei9ht and allowable atatic d .• flection are 

epe~if1ed, thL required neu~ral poa.tion apr~nq rate can 

be approxirated by Eq. lo-t. The total deflection to be 

ac~uted i. obt.in~ uS'ng the apecified dyn~ic de

flection and a tac\.or uf s .. fety. Ti_e llliUi.Ilua allowable 

air pre •• ure is .ele.~'ted C'Onsi<ie~: lI~q pneUIII.rt'tic cyli nder 

size reatrictio.:a and load .~u.rp.J\k!nt:.&. At this point. 

the d~.i9ner .uat decj1e whether .. double action or sin

gle action cylinder is t'e<Iuir.ed. It a single action 

cylinder i.. to be used t'hle required piatun area is dt.

t.enained froa Eq. J.O-3~ ."d tnt.: requirc;d neutral po_itioll 

~ .. -easure frotl Eq. 10-31. The cylinder cht.llber len;t_h is 

obtained frOID Eq. 10-34 or 10-lS. Note that thu is thtt 

length 4t the neutral position and ~\l&t be 9re~ter than 

the total deflection to ~ acc~dated. 

If a 1')uble - ;tion C)lil'der is requir~d. 

the piston an!4I i6 det.sou.ned frCID Eq. 10-32 with f:. • .l.lov 
taken 4S the allowable ~r:eal!;.ue diffe:er.tial be twee r' the 

twc fOld 11 of the piacon. 'the pi~~on sh.-ft acea can l.'€ 

assumed to be nec:liS_ble (Le. A .. Al • A2 1. The ~U\OI' 

chwm~r lengtr ootained !r~d Eq. 10-35 is assumed &qUAl 

for beth chuabers. TM l~utIaJ F..Jsition pres:lurea re

<pired in the two chambeC's .are det.£..,.ined trOlll Eqa. 10-36 

and 10-37. 
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The neuual .and diaplaced .pdl\9 tate. 

tna: a .illqle action, \Ill~4, p:.euaatic cylillder are 

cht.er;w'ned frc:. Eqa. lO-ll and lo-l4, reapectl"~y. 

The Il_ual aprin,. rate for • double action cyUnder ~. 

obt.A1Ded f~ Sq. 10-26. At othel: po~1tioa •• the *,,,"',le 

actl00 IIpr1a9 rate 1" obtainNt fro. Kof. 1'1-27. 

o..piaq CA&:. be inoorpontw in U. _

.1\'fl\ by toM .,..,1 tiOft of IhU'qe tank.. If .v.. tank. 
are aNd, the neutral and 4iaplace4 apr1a, rat •• My be 

altered depeDcUft9 upon the diapl..celllent tnoq_ftCy. The 

low frequency .,pd ... rUe of c. (a.pe4 .iD,}l. aC't.iOll 

~ttc cylinder ia ,i¥eft by !~. 10-10 and tba hl,h 

frequancy aeut.ral poeitioe .prj.n·r rate by Sq. 10-23. 

The low frequency "eutra1 podt.i~ aprin9 rate of a 

d.-pe~ &.ab1 • .action q·U.r _r with .uqe tank ... dwYI

bel: ve1.-a &ad p~'"". eqaal on ~t..b .1de. i'i ,han 

bV Eq. 10-31. The hiqh froeqlM:lcy .prinq rat .. are ,hoen 

by Sq. 10-26 for' be Ilelltrd poaition an4 Bq. 10-21 for 

displaced ~i~;~"a. 

b. PneUMatic .. llows 

Thd ai. ba9 .and air t.llo.n! are t., co..on 

~,;tiquraU.on. for pne ..... t.i.c bellO'ftl and botb fu'ItCUon 1n 

the ~ 'Ifl'8r .. 1 .. nner. Aa at.o.:m 1n I'i,_ 10-22. the ail' 

.... '..:OAai.U of e .~"910 .ttCtiO~l .u.bject te ."~ ,ad '1'01-

u-. chaDqe., while the alr beUOIo .. haa two or .,re 11«.'

tiona. 80th type. Are .... u.allr constructeel of fabric re

ir !'oreed rubber •• c:t.iona a •• .-bled between at .. l e.ad 

f' ,at-fOe. 'rhe bellowa type of ~n.t:n;etiOft II .... OI'.a or 

.are .h~ular .ter.l reinf~l~inq rinq. to d1~~de tha eX'Jl 

lenqt.h of the ba'l into .2v.ral secti"". and increAse t.he 

pract ical r&" ioa :>f lenqth aDd deflection to (lia.eter. 

The rol11"9 bellowa i. act~lly a positive aealinq 4&

y~ce .a.eti ... uEed to re91a~e t~~ usual rinq type piston 
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'iqure 10-22 Typic.l ~~tic Bellows Confiqurationa (Ref. 10-3) 
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... 1 'fa air cylindera. The device i. ahoIm acbeaeticaUy 

in r'9. 1O-l3. The fold i.n the al .. w .",.a in the annu

la: ~ce bet~en the pi.~~n ~all and cylind~r vall dur

"''Uj relatift IlUtion bet._.·an the .... p.rta. 

PneWMtu: btllowa bave very "onli.neaA 

.pl'lnq characteriaitca, h.,...ver. the a(:r1n9 rate tf'nda 

to bee-a.. .,re I inear a. ':.he amount of co.preaaion i01-

cre •• ~.. They are .elf-~tat.orlnq and not atrain rate 

.. nsiti".. Althouqt> t ..... y .10 IlOt. exhibit. any siqnHicant 

..aunt. of d.ulp .. n9. daJIPin'J can be provi&.d by t.he addI

tion of re .. ervoir; t.o t.he .yate.. The r.c~ndf'd .. "i

- s~,~t.ic operat.Inq pres!Jure ia usually 100 pili (E8.9 

II/cal). These aprinq. ~:.t be inspected r, ;Illleely t.o 

ensllre that. the proper at.lt.ic heiqbt ia beinq a.intaloed. 

Iii the caae of cloaed .)S1:eat. the aprlnq cannot be .d

jU5ted to ~ '-;sat.. for .:banqes in sta\:ic loadinq. 

The d""'ic;n of pneuaati..: bellows ia not. 

•• au.ple .a other aprinq~. aince auch of the ~eai9n 

data are -.pirie.l and de~er.ined expe~t.e~tally for 

each aprinq by the aanufa.:turer. Prior t.o deaiqninq 

a Fneuaatic ~~:lovs aprin", a dat. 'Sheet, vhich is a 

plot of the vol_. effE.c-:ive are., and lo.d veraus de

flect.ion, aust be obtained frOlll t.he aanufactllrE'r of tNt 

3prin'l to be uaea. A dat.l st.eet for one type of bello..,. 

spring ia ahown in .. 'ie). 11)-24 aa a t.ypical exaaple. 

TIu> :,a'l&l d.-aiqn criteria f<'r • pneueatic 

bellows sprinG will include the static load, the D4X1M1R 

.",r1nq rate and the aaxi.-. dynaaic diapla-:eller.t. Ni th 

\heae crit.eria and t'le IIIaIl\ofacturer'. dat.A sbeet •• the 

r£quired characteristic .. of th~ aprinq ayat._ can bf' 

det,rained. ror any specific sprin9 and set. of initial 

eond~t.ion •• 1.e .• spring height. intern.sl v01uae and 

pressu-e and load. the d~l .. ic loaa-Yeraua d~-lftction 
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nlatlOftablpa C,u btl! cSetenaiAe4 froa the c:haracterhUc 

Cl"rve. an4 el..,ntary C)a. 1 .. s. The total available 

6.i.placellent .hould bfI twLee t.he _peeLUed dynUlic dh.

pl.ot~t pl..- a l;afety aal:'9in of about a9 percent. 

'!'hue 

Ya • 4.2 Yc1 (lO-l-J) 

'I'M 4i.l~nt "Ul .... -.14 thP cap&clty of a au,91. 

be Uowa ill aa.e c..... ..4 U: will. be neett._ary ~o ha .. 

_vera1 belleN. 1ft .. Ti... Por" bellowa. tbe .ulUua 
~nt_ .. i_ per bellowa iIII 

Y~ 
Ab· 11 (10-39) 

Por equal be110wwa 1~ Mri.. ••• the aaxt.la ~rinC) ratk. of 

_cb bellowa will be (fOl' :'1>1) 

1 

"1 • [fAit.] if:Y (lO-40) 

wbere ar. ia t.he .... i_ lIpr1l\q rate for the ayat_. 

A atatic botllowa tMtiCJht. .. at be .. J-=ted 

IJQC!b tIuIt lIJI will r_1a vlthin the c-per~tillCJ ranCJe of 

the bellowa. Onee _hi. atatic bei9bt 1_ .. teet.cS f the 

a.~iatecl .ffecti.,. are ..... 901_ My be re .. frOSl hIe 

data .beet ' •. 9., Pig. IG-Z4). The requl~~ .t~tic ~aqe 

rr.a.ure, w1th:h .... t be .. iauine4. i3 

wtMre 

p 

Pg. • r-,. 
p. • the atatic load on the .pr1n9 

A •• - .ff.cti.,. area of tl;. bellCJlof8 at atatic 

cSe t le ... t,ion. 

"1 

(10-41) 

It i. eu.ta.ary to us. th.e .ecant. rote for 

ttwo lut 20 perce"'\t of the lSeaiqn dl. •• ,lacesrrent: .... lllaa

_ar. of t'le aaxiaua IIprin~ cate ot the .yatelf'. T'h~ b- '.

lOVfl bei9ht at peak dyr..aalc diaplacetllent wi 1.1 ~e 

Siailarly , 

Ycl 
bd • bat - 1f 

Yd 
hO. 84 - ~.t - 0.8 If 

(10-42.1 

(10-4J) 

'I'be effectJ"l& area. a",4 IfC·IUIIIIEB foo: thE' bellO\olf; ttt theae 

•• iqht. can be d.terained from ch~rt8 such d$ Fiq. 10-4t. 

'I'ne a •• veiated pre •• urea ~r. then be found by 

~. 'n 
Pla - PIa ~';J 

wnere 

Pla • .abaolute pre.a~r~ in bellowl' lIt VOJUlM ;;'2 

PIa • absolute pre •• ul·. in bello". at vvl\.!at;, VI 

n - 9.a cx.n .. tllt.t, '" 1 .• in this case 

In teras of 9a~~ pressure. 

[

V 1 1.4 

p~; - (Qlq 4 14.7) v~J 
fv ] 1.4 

- (PIg + 10.1 LV~ 

-14.7 PSl 

-10.1 N/cm2 

<10-44) 

(10-45) 

8eqinninq with th" atatic gage pres.ur~ (l':q. 10-411 .tnd 

vo!~. the qaqe pTfOssures can be d,~teI1'l:n?d tor the h'j 

a!\~ h
O

• 8d condit:_ooa on t~l basis of volurnt' chanqe frOl:l 

. the atatic po_ltlOl'\ "'ith Eq. lO-~~ lind the dssociated 

V01Wll88 fn.'1II cnart8 auch 68 Fig. 10-24. Th,>n, with the 
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.ffecti". .ru. f~ the chart. the IM,d.1Na .prin, rat. 

for the bello.ie CaD be fouNt fna 

p It. - ~ A It _ ~ed O.Jl.s, eO.14 
t """"1r.l Y:;7Ii 

wher" 

PcSq • bellowa qaqe pre.aure at hcS 

Ae4 - effecti," area at hcS 

00.8dq • bellows q.qe pre.aura at hO.14 

A.O. 84 • .fteetiv.. u.a at ~".Id 

(10-46) 

1"01' belicVII ill .. ri.... (N) 1). the lIy.tec aprlDg rat. can 

be found by ac.~Yin9 Sq. 10-40 tor~. fte .pring rate 

at lmy diaplaceaent can be appruxuaated by 

AP 
It • Ay (10-47' 

wbe~ AP is the cbanqe in lead ~rre.poncSing to a Ay 

change in he iqht.. 

.. terence 10-3 .tat..·. t.hat if r » c (aee 

Fiq. 10-23) and the di6place .. nt. ar~ snall. t.he sprinq 

r.ate 1n the equillbriua po.iti~ for the rollinq .1.e~e 
bellowa ia a.pproxiaa!.~ by 

kO 
t.t p. r(r-e)4 

(ru+2cnr-- UO-48) 

where r. c, h. an u are cSe:ined in rig. 10-13 3n~ ~s 
1& the pre3s~re on the piaton. Ae for the bellows 

.~ring. th~ spring rate at other positions can be .p

proxi~ted usinq Eq. :~-47 and the manufact.urer's cSata 

sheet. 

The ~fte~tive are. of the rollinq bellow. 

1. 
Ae • lIr(r-c) (10-49) 
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aDd the 901Uli"" of 4lir cont$int14 ill t.be e.,-Unclltr at aJ~y 

poeition ia a .. p~o .. :iJllat.ly equal to 

'/ • tr (ru+2c:h) no-so) 

&quatiOft. 10-50. 10-45 and 10-49 ar. used t.o cSetennirk' 

the variation of AP with Ay. 

If the spring rate for & bellows ayate. 

1. foun4 to be too high. it can be .oftene~ by addin9 

a re.ervoir LO increa .. Ute total volu.e o! tM ayat.ea. 

'!'be etfect of r.aervolr volw. can be cSete::ainecS frOl1 
aqa. 1,0-45 and 10-4E by lettinq thf' V01Ulieli be ""Iua1 ".0 

Vt • V. + v. (lO-S~) 

where 
V. vo1u.. of tbr aprin9 

Vr voluqe of the re.ervoir 

aquation 10-51 a •• u.e. that there is ne911~ib1u re.istan~ 

to air flow bet1t8en the .prill) AncS reservcjr. A suitable 

reservoir YOl~ ia easily found by ~r.ial and er-ror, but 

the proces. can be apeedeC: up .oa>evtlat. by _valUating two 

.yate. constants for va~ious volullws. The tnt.·"l .... OiWMH. 

.uat. be adju_te4 until the fa~tor Cs ia qreater than at 

where the .. tactoxa are ';~'nn by (R,,'. 10-3) 

JrmYd + U.1(Aed .. Ac .... ~d' l 
Cs "' S(P

g8 
+ U.1f---- in 

k.y d + 10.1 (Aed - AeO. 8d) 2 
. 5(p

gs 
+ 10.11------ em 

[

V ~1.4 at · AecS v::J 
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Where 

Vts • total volu.. of sprin9 An4 r.s.rwoir 

Vt4 

Vu ... 

at equUibri_ poaitiun 

'.otal volUIW of spriG9 end r."l"YOir 

at ~i~ 4rnaaic 4iaplaC6aent 

total volu.e ~f .orin. ar4 re •• ryeir 

at 0.' ... la. dYlisa:i<: uiaplaceeent 

ftus. the cSeaiqn pcoce.. ~or pnewut.ic bell0V8 1s a 
j>roceaa of aelectinq a t:lnit. or unit •• whi.ch viii 1-'1'0-

Yi~. the desired characteriatic.. These char.ct.ri.~:=; 

..:-p be .. ~ied sa.wvbat by the choice of cylinder equi

:ibri.- pres.ure and relleeve)!r ctw.ber volu.e so a:. to 

~re cloaely fit the ~lUireaen~s of the specific appli

cation. 

10.3.5 g~!!!!!.! 

A liquid .prine) consiata of • cyliilcler. pi.ston 

rod tnd " hi9h pressure seal .ar.JW'.d the pistoo rod. The cylin-

4er is completely filled with a liquid. 6~ as the piaton is 

pushed into the cy~~nder. it conr~esses the liqui4 t? very h!gh 

pressures. 

'!'he confiqurat:lAlna of liquid apringa are divided 

into t.hree .. jor cla~ses accordlng to method of loading. The 

claase. are ai~le ~ression. simple tension and coapu~nd com

pres;: \ on-tension. Alth9UC,.' t!'M!/ are loaded in different \oays. 

all three t)~a function as a ~!sult ~f c~re8sion of th~ .iquid 

in the cylinders. S~he""'tics of the tensien L'nd cOl1lPreSt;ion 

types 3,e ",hovn in Fig. 10-25. The ,'0IIIp0..l,\'! aprine.; is ~rely a 

acre complex .echanical colli ination r f t_he two b.S1C typES. 

Since the tension tytx· is !!lOre ::ommc. ... .l.l protect ive ronatruction 

at:plication!!l. it is ellpl.4size.i in t01) • .)"oI:'1I9 paragc.:!phs. The 

-... ~-

'H7 

r{f.;.~ 
Cyhnder Futon ~ 
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':-.·11ncler •• re oft •• fittr .. with po&-t.ed het;i. to CJ\Itct. t.loe pi.

tn.,!; anct provicSe ctallPin9. :)lI1IpifteJ can .1eo boll provided ~hr::KIgh 

the ad41t1vn cf ~~.~ p&.~ to ~ piaton rod •• 

Liquict.~ ftl. a&~ vsry compact device. with 

!\iqb ..... rly lilWar. ~rj·.; r.t.... They can be acSjv .. ted t.o 
,-u1lP4tnaate for loed cb.t.l6f..* ,"\r. iMU-resto1:'L""'J _4 ..:u abtlorb 

lar.,. .a.owtta of ..w:;;\.'Y. ...,..~y.a. hi9h1y Mnaid ... t.o chan~s 

1ft ·.-perature aDd fluid clu.e enaage.. Tbe lat.ter u.ually 

result. fr-.. fl.a14 cl\a1llb4tr 1.u.~ ~'t expan.ion wW4tr presauxe. 

Bee .... li~.:td apriJa9. :vl~_lly operate at bi9h pre •• ur.s, hi9h 

quali~y. close tolerance .eal. are requit~4 r~ the pi.ton. 

h lction betVINtft the Mal an4 pi.tot) proVlcka appreciable tIaq)

inC} aIt4 1 ... ::=-..... t.be .prin9 r"t~ froa 2 to 5 l-.rcent. Liquid 

.-pri.aq. are high pre •• ".: ..... "-.1. req.;!'t'in9 hip ~~·.ity .. ter

lala and preeiaion •• cb4fte work, ~ftct a8 a re.~!~. ~~ are nor
_1 ':' expensive. ~owever. to!)e, l\.~e ctiftiMilt ~ ~l a .. CCSI

pact .ner~J' abaorpU.on deviC:·tM. 

All DOted abo¥t. the b\~t1 operatin9 pre .. uea iJ' 

11'1\0':'4 r.'!' ~ nOIf ~re 0:1uae t"leran(,;. 8eala around the piston 

t'Od. Bffectlv. ••• 1I.n9 !5 .,-=~..;.-:;:H!lht!d l-y preli8ure betweeft the 

aeal anct the pi.tOll rod. Tbe.e pr·e .. a"reo ift tum proctuce a fric

L~" deedb6nd wbich QPVOSOO!. isolator .,tion. 1"he fr~cUOb dt}ad

ba."ld b .~d t.o twice the friction fon:c: actinq ~ the rod and 

..... t be overco.e to initil)te i~l,.t()'I':" r~ -.otion. Input (orcp.a 

leaN tnan this frl'tion force will b@ tran~ilte4 witi.out .i9~ 
niii~&nt attenuation to tht> isolated lUlU. '!"he friction cte.-l

band can also .ffect the fir:l po&itien ,-f an isolated it_ 

.l1bSfKru~nt tc its r •• poniie to input .,tlC .. tI. In .ultiple iao

lAtor ~y.te .. , the 9toppi~~ of i~l~tora at 41fferent poaitions 

could 1"1.'011, in undeSirable tilt or di.pli·~·.ent of the ayatelll. 

In ~eneral. the effe--t of a given frictioil .;eadband on final 

a,stee • .oJlition decreases with inCT.taainq laolator apring rat .... 
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An b.creaae in iaolator irtf'rr_al ,.. 't153."J.'e ",111 nOrll\ally "ncr.a .. 

the wi~th ()f the friction dea,han.' 

Since "he 1~quiQ Ii~" t·· ':i Hi lillonqly dependent on 

tne chara~teristics of the fluid in the cylinder, it is lmpor

tant that t.be fl~id aelt'eted hlv~ the beat ·'OIIIbi·:ultion of desu

able pro~~tie.. The desired properti •• incl~de 

• Suitable viscosity 

• t' ... oeratunr and che.ieal .tability 

• 8igh co.pr ••• ibility 

t'he viacosity of the fluid ia ill''")()rtant for two reaSO;lS: Flrat, 

if the viscosity ia too low, it .. )' be difficult to lI\.clintain a 

)ooj preSFur •• eal around the piate,n rod; and second, the daap·· 

ing characteristics of the apri:lq are directly relat~·d to t~ 

fluid viSCOSity. 

If the spring ia to be subj~:ted to t,>~::-.ture 

chang •• , the coefficient of ther.al expan~lon for the fluld is 

bIportant aince fluid volwae changea w111 result 10 pte s;.: ... #.' 

change.. The coefUcie"";J of thecaal expansion for Ill<.'st [lu:.ds 

are 4eco:-eaaed by the operating prea.ures nOrRIally en<.·(}Unt"'I~<1 in 

liquil! .pring.. Telllperature ("hange. w1ll not bf' a ,.Jr' t· h~1!l in 

.,st shock iaolation applic.ti >os. and, if neceSSIIrv, steps can 

be t.aken to control the fluid te~rature . 

The co.presaibility of tile st·: )"~ LuuJ directly 

affecta the volu.e of t'.~ud required f,y; .1 '~'<'';lfic appllcation. 

The htghE.r the compreasibili"y. the It't flUl.j rey·~lP>.! The 

coapreaatbi litiea of several tr:-Jical liquid spring f..ulds are 

ah0wn in Fiq. 10-26. The slllcone Oils. Which includp tre 

three lower ..... urves, provide Lle best combination of dt'Slr<l:lle 

properties and are the usual selections for liqU1d Sprinqb. 

Although .JOW Cornlllq'S 210 with a Vi.COS1ty of 0.65 c.;>otlst?ke 

has the highest comprt-ss!bllHy, ita low viscosity coul,1 ca~se 

sealing problems. 

980 

r· 
~--... I 



-~~.y.",.~~ , .. ~<~-.~-_#-_ ........... ....,. ........... ,-.~ .. ,. _" ... v ..... __ •. __ , ..... __ ._~~ __ , ...... _ _""~ ....... _ ... __ ., • ...,._ •. ~ .... ~ff1IIIIIa.~ ~":lf~;.-'~";'.
~~ ~~ .. ~ ...... ~ ...... __ ." ... " ............ " .. , 

-"'.-..... 

.......... " 

-r.ae cleaiC)ll altAd,a for Uquid MpciftCJs ,,111 nor

.. 11) include ~ ..... ~ 89Ciftg ra~-. •• tatic 4iapl~~nt, ~nd 

t"O;.i; pt._ ap ... i'! diaplace..nt. ror a ",nl'Jainuy d •• 19n, the 

~~l~tiona~ force •• teaperature .ffect., al~ valu.. ehanqe. in 

tt ... clurAer etue to nulet pre.sure an ~ener~lly n~lected. ,.. 

..u:i.r.- pna.U'e and n~el....ac't phil.U" aMuld , ... lec:ted based 

\lit"" tM .... :....; rA" and peak dyn_lc d~.placua.'nt. For. eLUl

:..-llil, • 1". t!prlft9 rate _:14 .. dr'98 p ..... ': .... flecUc.Q 1Mieate ..nat 

bi9b a&X~ qUA.r pt:e".-urua ..... nc~ re..,.irf'd. 

'I'll •• ffect.iw. piatOll are .. 1. t.~eft eqll&l \) the 

net cro •• -MCtiClft area of t.he platon rod. 'I'he> required ef~e<:

~b. ar.a ia obUin..d froa 

a. 
idi" + Y ) . - . ~ P_x 

(lO-~,U 

vban 

r. • 1It&~ic cHaphc:::.aaeat (t-quil1Mi~ poaltiOft) 

Yd - .axt.u. dynw.ic :!l rpl_c:e.eent 

p... • .. xu.- cyliftlier .are •• ure 

k - .~1n9 rate 

'!'It<! .tat.ic prelacure required to .. lntain the 

aprinq at a ~cified static dttflecHon fa obtai.ned fr~ 

k y. 
p. • -x;- + Pl;.1 

(l0-55) 

wben Ppl Ja t.be pr.eloai p~.alU'e t fluie! pre •• Ql"f' prior to any 

10114 biting .. ,..Uecli. Oaf1.a1ftq the cylinder vo1~ under no up

plied 10.' .. Vo ' the cyU.llCler ~lu:oes at ... 1_ at.tic and 

~"UI\'I\.-: (:l.eflee-lone ant (aeqlactinq cylinder bre.thinq) 

I. • Yo - A.y .. 

Vu • Yo - A.(Y. + y~} 

911 

-, 
!'be associated c::c:.preNibll' ti.. (Fi~':"~ arf!' deh ned .. a 

Yo d A..Y'Ij , .......... 

C" • -V- . "v- """', 
o ~ ~"~ 

~o - Yet Ae(Y. + Yd ' 
e. • --v--- - - r--··-

o 0 

-..., 
''-, 

~ir.i.n9 the Above E.quationa lead. to the follO\o'H,q exprt!.uon~ 

for required c:yh.-.ler volu.. WIder no-load c:or.diL <'0 •. 

A. Y4 
70 .~~ 

ne-56l 

It ill aU<Jqe. ted that & factor CJt sat.. t y of five 

be used in deteraininq the .prin~ cylinder <il.menslons. because 

failure of a liqui-J ~prinq undur hiqh pressure .. could r .. fiult in 

fra~ntat.ion of the cylJ.nder walls. Failure should be avoided 

if a tIOrkin<J atres! eqUdl t.o ~I) percen': of the mat.erial ;,'ield 

IItr" •• ia uaed il'l all cO~i:ntations. 

-he requirel' piston rod diamet.er (ace Fig lJ-21) 

ia <Jiven by 

o _ 2 [k{YL~ Yd t) 
[( 11'('", J 

1/2 
(10-57) 

"her'~ 0" i. ~ne allow"""1e work.ing stress for I:he pistor. roe IDa'· 

t.ri ... l. The piston di.!Uftc:'!ter \.!lllch "ill provide t.r;e required ef

fective are. i. obtain~ Lrna 

~I\ 21 i./2 
Dp • L-;YC!. + DrJ (l0-!i8) 

The inside di..~aeter of the cyl ~ r:1er is based upon 

the required cyl irder volUllilt .:nd an asslUred cy 1 ). nder lengt.h. 

Since the piston tr.Uflt. be able t;) d~'fl~ct. in both dlrections, t!lf' 

cylinder If'ngt.n ill uaua.lly tak.en t.o be slightly·t·eat.er t.han 

twice t&e peak deflection. it.'hf'n a cylinder h,ngtt-. i\as b<>en 
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• ..-.s. u. cyUnder 4t .... ~.r ia 'Jiv.n bX 

[. YO lllll 
DC -Li ~ + DrJ ilO-SI) 

where Lc ill :..he ':'.nqtb of the cy1iaa4.r. It' the cylinder di ... t"r 

pr~. to be exce •• ively lerte. it 8ay be reduced by aelectin1 
• 1Oftger cy1i"~"'r llln9tb. The tIlie .• ne •• of the ·..:yl1ndet' vall 

Call be obtair.e41 based on the aaxi,!l'!t:a cyhb.ier pre •• ure otnd the 

allowable at.r ••• for ~h. aelect.4d cylinder ", .. U lUurial, It. 

will f~-.Jeatly be fO\m4 that t.hin .... 11 ••• u.ptions o,ri II not 

be appropri.te in .i.l~ the cylinter vall. 

When the dlaen.ior.. of the liquid apr ~;.q h4.-1e 

been 4eter.ined, its actual sprinq r.te can ba eHti.~ted by 

u 2 
e k .. -V- UO--:II) 

where .• ia the bulk -.odulua of the fluid and V is the ",,!.~~ of 

the cylinder. 'I'M stiffn€: •• of • liquid spring variet! tJropor

tionat. 1y with t.be load, which in turn ia related to the 4i.

pl&C!alant an4 cylinder volume. 

Fi9Ure 10-28 sbrMS typic81 bua ..:A1u 1 i tor v.r

lou. fluids •• a function .,! presaur... The tul)' lIOdu': UlI COlO 

aleo be e.t~ted by 

Vo~P 

• .. --xv 
where Vo ~. the initial volw. aM 

caused Dy a pre •• ure incn. .. nt ~p. 

(lu··oIt 
.1V ie the .... ru.nq. i.n volUllle 

The preUainary desi'1" procedw-e f-..r a liq\lid 

IIpri.nq 16 ".ually a .erie" of trial and • ...:.ly.h st.ep" until 

an accept.<:able cor.ti lUL.t.ion ia obtained. The effectr ..,f ~.eDt

pe,oature and chan~ in qlir.der volu.e due to ln~ervnI pcea.urea 

&1'e usu~.11y n4tCJlected in pr.1ia1nary deai.qh. ~oraal.l. y. fitatic 

tI. 
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lo.d. peat ctya.aa1c 4ispl~t. at&tic 4i11pl~u~ aM ~iUl

-.aI spriDg r&~. ,,111 be apecifl.a. Wh.tn the cyUn.Hr fluid 

haa baen .. lect.e4. ~reloM1 aDd lIIIXi_ cy' 1nder pre •• u~ • auat 

be ... ....s. 1'be .. pre •• ur •• ,,111 be funct.iana of the apec:if i.e-cl 

~rinq r.te. aDd "flecti~.. 1'he .tf.~t!ve .r~ of the piaton 

i. obt..1ned"'tra. Irq • .1-5 •• u.ain9 ~ •• a~ laaxi_ cyli'l4er 

rre .. ~. ~a ~ltie4 v.lue. of tbe .. a1lM8 .pri.~'") rat:e .nd di.a

pl~:lt8. file p;-e.aure reqGtACI to .. int..in the 8peClfied 

at..t{c jerlvct.~on i. tiven by Sq. 10-55. ~ia ia the equl1i

bllaa posit.iun UD4er ata~lc load!... The coapre~.lbl1i~y of 

the cylinder thli4 .t a\-.. ~ic ... 4 ... t..a c:yUn~r PC'e5aUre8 b 

abut ... fra. C1Irfta .i.al1ar to Fi,. 10-26 md the cyUn4.r 

vol-•• '~a Irq. 10-56. 1'b<. phyalcal dialeoaio'..a of tJw piaton 

rod. piat(>ft ancI f. 'tildeit' .n' obt:.aine4 frOil B-.la. 10-57. 10 -sa 

aad lO-Sf. re~ively. Ala indicated pz-eviou.ly, ~be .. l.tter 

steps r.quire ..... in<) • left9t.. .. of cylinder an4 lIteveral t.rtah 

~y be ... tce .... ry to obt.in t.be d •• l ~ rat.io of di ... t.er t.o 

leAqth. ~ ~rin~ It'at.e at vario~. deflections of intere.t. 

can be ~ta1ne4 frc. Eq. 10-60. 

1('.3.6 Ot.her Devices 

a. Introduction 

~ belical, tolt'SlOn, pneUL~tic and liquid 

afPri!\C)S ar.t the -.ore cC'"..cwn types of illOlator. for larCjCt 
........ 'l'bere a.:e IIMly other device. e.pecially .uit.~ 

for parti.cular applieat.Ol1s and __ Uer loacb. The fo).

law1~CJ para9T.ph~ uri~fly describe ~ of the .. i.olat.ors 

with reference to additH~Nll 8CiJroe. of inforaation. 

b. !.ttll.~".Prinq. 

Bel! •• ille 8prin9~. also called .. llevillp 
... her. or coneG-disc nF'rJ.ft"s, are e<ien~ially a?rinCJ at.eel 

.asher. which have been foOMd into a sUght.ly conical 

98; 

ahape.' A di ... tral cro.a-aection of a typical aelle~iJle 
.prinCj i. illu~trsted in Fiq. 10-29. Their m41n ~v.ntaqe 

'over other ~)'t'i:!! of a.->rinq. ia th-. abili·y to lhllport 

l.uCJe loads st. ~.all detl,ctiuTli' with aiIlUauz" IIface require

.ante in the direction of load .. ;;']. ~L'hey are .llf,eful in 

prot.ective construction applications ~·equi.rlng lJ .• lted 

ahock attenuation and as back up liystelRS to r,!duce shock 

in the event. of bottOIDing of Ct,ll springs. c.'hey are rel ... -

tively inexpensive L~ readily available in cap~citles ~p 

to about 60,000 pou.""\d. (266,8:":.;. Changes in 1.00ding con

dition. are accommodAted by th~ addition or removal ot 

unit.s. Variationa in thickness an~ ela.': lC limit of com

aercial qr~de spring- may cause the aprlng iat~ to v~ry by 

as INch as ! 20 percent. although special qrad", 8rJr.ings 

aay be fabricated to .. intain the spring rate to wlthin 

about ! percent. 

The steels normal~y used for th~ smaller 

size springs inc~ude SAr 1014, 108S, and l01~. Low alloy 

.teel. auch as silicJ-.an1anese &teel SAE ~t60 or SlE 6150 

are preferred for the larger aprlngs. When t: .. € loac!.inqs 

are priaarily st.atic, the maximum aiiow~ble working stresses 

.. y be ta\en equal ~o the corpressive elas~lc limit of the 

.. tari,.l. Under these conditiona, loea: yipldlog ILly occur 

around the t.op inner e .... ge of t.h.- SprllJg, resultu.q in a 

redi.tribution of ~he str~sses and a aore c~pn distrIbution 

of load throu,Ihout ~he "lprinc: .. The springs !'lay be 3tacked 

in f'ither parallel, series, or series-plrallel. all shown in 

PiCJ. 10-30 to obtair • wiC'.e variety of renpCH b€S. It. higher 

l~d for a qiven deflection is obtained from t:ht: parallel 

arrar.CJeaent. 'fhis arr.llg"ment is leliOs pnxh'.-~ . .ible than the 

•• ri •• or indl.vidual •• rran'~(;\1IIer.ta t:~cause of fI'lct .. on daJl\p

in9 and breakaway frlction. 1he serle. arr~r.Qement FCo

vides greater deflr:cti.on for the aiAmC load but lncreases 

the pr~bability of in3tabi!it.y. 
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..re,."nce. 10-1, 10-U. an4 10-14 conuUa 
9Ui4ance for tM chta1<JD of Be'levU,le -s>rlD9 .yat...,. 

c.- Flft. Sp[i!i! 

A flat ~iD9 ia aL.ply a at.el be •• or 

plat. Jbo .. playeic:al d""uiOQa and '-\Apport corlO:i1tiOnAl 

arc 9arled to proyid. t» chaired forc~ diaplac ... llt r,t

lationahlp. TM t~JO ba.ic ooftf1gur.tione are the aiJlple 

apriD9 "'ith OM cd_nt and 1.,,\f alir11l9a with .ultipl •• h,

_nta. 'I'bay can alao be ca'~aqoriz" accord-in'll to the 1Mn

IMr in which they are 8Ilppo.:ted. Figur. 10-31 ahowa the 

IIOr. ~n cantil.y,'r ancl ...t-elllptic CQ".fiquratlCma. 

They can a.leo be taper'" for IIOre efficient ua. of ... tar-

1.1. Flat aprin98 no~'lly r~ire only a Aiait~ a.ount 
of apace iA the directiOll of cUaplacellant and r"uvi(~ •• 

lin.-r. non atrain rate a.,. ,,1 U.v" and .. If r.atoriu9 aprill9. 

'!'bey requir. I1t:t:l. or no aa1ntan.nce. 

'I'be r~nded a~eel5 for flat sprin~. 

includ. SAE lOIS, 1095, 406., 5150 and 9260. These ~ter

ia~£ ar. no~ily ahot peened ar.d cold •• t to 4xtend ti~ 

Uf. ot th •• prin'll. subjected to aaD)" load cycles. Sir..qle 

.leaent flat sprin'll. can be con.idered to bave no durpiJli;' 

Leaf .pring. vill exhibit .0.. daaping due "0 tte triction 
betweWl individual .l ..... t •• 

aef.rence. lU-l. 10-1. 10-13 and 10-1' con

tian 9U1d.l~. for the d •• ~gn of flat springs. 

d. Solid Ela.tomer S¥r!~~ 

El •• to.eric and rubbellike aLe te~e which 

are of~en u~ed to describe rubber or .~i1.r aaterials. 

'I'be tara pol,.-er ia \laed to dei: _gnat.. rubber in the riA", or 

~unded st.ate. Sprinq ... de trOLl these aat.eriala are 

orta~. called .hock aount. becaus. ot the:"r wide use i1.1 shock 
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~ol' '~l c.aul ... Ipet., 

(e) C.an ... _ Leaf 1pc'1111 

" 
(bl Tr~l"l C_Ul_r lI'C 1119 

~.~'"" t..= .. ~-...1 
(lI) £~trk S-i-Elliptic Leet sr~u'9 

Fl9U_ lC-ll Tys.ieal Flat Spring. 

tit 

leolation t'PPlicc4-iona. They .. ·, e noraally used ir. -..diun 

to liCJbt du':y awlicat iona art: rept· ••• nt. an econ-Alieal 

aolutioo to t~ 1eolation 01 ... 11 it ... gf eou'p$ent. 

The ... pri~ •• re f~ric.t~ from a viG. vari.ty of 

..at.ural and .yn":.~.t.ic ru·..berll •• 1'0 co.po·jnda &.0 J.n IaWller

ou. ai.e. and aha •• " tor ... tiafy It vJ.de ran,,,,,, of 4f'plicA'

Liona. a.cauee of ~. ranqe in capacity 4;~ characteTiaLics 

of ~rcial:y A .... labl. unit. •• only in unu.ue'll CI<.;J ... 1. 

il. :tece ... ry t-:. d'.l8i9n a unit. The 14rger unlt" .' e U .. -

ually r.uat~~ d.~igned for apeciflc applic.t~ons. 

In .-otJt appli(!ation •• the 8011d ji'laatoaer 

~ri~~ viII r~ir. little sp.:e anU exhibits ~ood weight 

to :me~gy storaq. ratio.. In addi tion to tt .. 1.81.1a1 con

aideraUon. of load Vld deflection. the .... lect.l.on of an 

.1 •• tO'.-z- for 4& spte!f ic applic.tion leq ~irft. ccn;;.i-ier

at.1"~, of the 0p2r.t.1Dg .nvir~nt.. The de!ii~a!;>le pro

Pbrtie. of ac.. .. ; ~ ... ~.t.01Ier. cau be .i9f11 ficant.ly d8gradCld 

vii .. " expoae.! tv low 0.' high t.e:r.perat.lre8. sunli'Jht, ozor.&, 

... te:- or pet.relewa produc;..s. 'tablf"': lO-b .u ..... rll/;es I!'OCI...! 

of \.1."Z .i9nJ:icant. propext.uta of tl3verzl ~n p. 1}11Iera 

&l.S thei, resi.tance to varioua aspect.. of t~~ ~'viron

.. at ~n vhich they .ight be uaad. 

The recpon'JEI .;)f e1.u'tO!lleri.: "~,, L.,II> i.s nor

linear in IDOst "'ppli...:atio'1!'> because of the n,,~ 11 'leat :!+:~·e.a

atr .. in proPftrtie .. of elaa,;omera. The sprl.r.q. attc .''JU:-

dN .,ing becill.:Se of the "iecaela.·; ic properties of t.,"',e 

elasta.ere. They are ":llDOst always .n compres liil 01' be...:ause 

vi boMing l1aitat.l.or.. Ref.renc~s 10-1 and lO-{\ contaul 

CJU:·.d"nc~ for the de:liqn of el ... tOllleric spring:). 

e. ~<a.!~~ 

,.ithouyh Jlot. ahock iso1.atic.n devices. per 

... pl •• tic foam. havt- beel. extenaivt..ly ",sed il. t"~ pack

"'ling of .hc-:~ ... ~nait.ive it-ea • .ltnd hav;,s also be" 11 con";,,dered 

S!)O 
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tabla 10-" 

PRopeRTIES Of' SF.L£CT:\} POLYMeRS 'k.t. 10-a> 
r--- , 

Shor, ,. 
_ .. 

"'nei ',. ~-l- II_ .lll.n~ 
~n 

"ardll.~. 
f:trftnqt,h 1--' .. .,..t 

~ 
preef'ao:\ r~.tat- Ro..,,,. "1 lit. 

".is:Ut.r,clI Ran-,. 
ll:.>fln 

2 
N/CIII 

l set ane. t_.,. t~). 

-
Natu.al ~ >~. Aon 4,ono 2, lb.) Good Good klqh H!(Jh !Palr 

Gf<-S .0,100 1.000 2,070 Good ,.ir 'aiely '.l .. h' r.1r 
h19h hi9h 

Neoprf" .. 40-9<; J,Ol)(j J. ,070 J>oot (lout h\l'1" ratriy Good 
hiqh hiqh 

I f'uty 1 40-7" i.,OOO 1,180 ".ir Good Low '.hly 
f" __ .cS 

I hi'PI 
"'m" .. , 2.!OO 1,120 Ooo::! "Ai.!' MCl4~ ..... ".11 .. Cc~ "' I 1 I .. ..-: ... i. .. ,," 

'I'tI1okol I 20-8iJ 1,)00 9(v r Poor Cood ,,"1_ r.i,., t .. i' 
I 

Mqh 

Si~j(,,"M 20-<}r, 1,000 69U Excellent Poor F.ttr1y lihdh.. £JII"',11"nt 

i ni<:11 
TeflOfl, 

I 
5~80 1,SOO 2,400 rail' to rail' to Low lledi .. beeUent 

kel-' 900d flOOd 
ItypAlon 4">-95 2,100 1,9)0 'atr 'aie to raiely .11th E.,anent 

900d h1qi. 

Po1vacr.,- 40-90 1 800 1,240 C.ogd r.1r to Low ~il)tl beeUe"t 
latl' poo,or 

\/iton ,. 60-90 3,000 2,070 beellent F.ir to Mtcti_ Mad1. l.xettl1ent 
JIIOOr 

Tabla 10-6 (cont.) 

PROI'r.RTIES ( ... tU.;t.I'JC'1'EO POJ,YH":M (Ref. 10-8) 

I c~n---~~ __ Uie -
Abu W ... i_ PI .. Iol .. nt ".h- Mot.- Fl_ 

.... perature Gray\ty doe • u .... t" Lif • taftCe ture ...... -
Plexi- ".10- ~:;. Iu:~n~ ... 1.- taftOe 
bUlty tance taftoe 

.atllra1 Ixoel- 0." ~,.c:.~. heeUe"l Il..cel- "'-or Qood I rail" t4# fOol' 
I.r.t 1a"t l."" • Gooct 

("'-5 I Gc.od 0.'4 heel- IxClallenl Good I~" Good WOd to Poor 
lent bee!-

I~ 
ient 

Neoprtlne r.lr 1. 23 ~ Good 000cS Pool" Fair to beel-
Good leM 

l'utyl P,ur 0.'" t'.'r -I'ur rail' to Poor Qoo.t boal- Poor: 

I 
Good Good 1.nt 

I 
allM N I rail' 1.00 (lood C"oOOd 'all' iJI.:e1- I·~r 1'''''- fOol' 

lent l ... t 

I: I tool' j 'l'hioltol Good I 1.34 '.ir 'OOl be .. l- I Pair I 

I .... 
ieh. 

Silicone £.ce1- O •• S Poor Poor 'air I bcd- 'a1r 
lent 

T.flon '.~r 1. .5 Good I ... 
I 

.. , bcel- I.oor to 'air to bcel-I 
Itel-' ! I lent I~ txcel- l'.lnt 

I lent 
, I I 

1';000 ""~'c" ,." t L" f~'~~' I 1000 Cood !rAl~ llllce.-

I \~t\t I I lent 
! Fair I '~r I >'<>."«<,- .... '~'.. Goo4 roo' I (,.ood Exet' 1- ,poor 1.-., I ' ler.t 

L~±l~ l.~~.~_ ~_l~H l ("...-0<1 a.t:of 1- IratI' .... ,-1 ..... 
. " _____ Ll!~:_ [._--- lent 

~. ,_,"_ .----J 

,,-
Outdoor 

Aql.nq 
Jl.a'aullCe 

'air 

'.lr 

korellent 

Good 

J>uo& 

Ibcolleat 

.... ~,.ll.nt 

be"llent 

axc.,l1ent 

ItIIedl_t. f 

"_1~ I 

I 
i 
I 
I 
~ 

'~. 

~ 
'fJ 
~ 

1 
·

'1,··'·.··,·.·.-.···'· 

.~ 
:"1,: 



ft"c use in ... protective conat:f,lction appl1cat·ion.. They 

are cia •• ified a. flexible or ri91d f~ .. and oP'n.or clo.ed 

cell. Th4 flwible foa.at e:-:hibit .ueh _11er pel_nent 

de:ora.tioa. under tr.n.~~t loads th~n r~9id foaaa of the 

ea.. atr.n9t.h. .)oth tn.- ahow an incr ..... 1ft .trenvth with 

increasing d.nati~. Th.:~ _tre.s-strain ch,raeter1atic. are 

~i9hly nonline.r aM tx;.th typ'. can un4erqo large (.O-60t) 

atraina before the on •• t of etrain hardWling. ..igure 10-32 

abowa th. lo.d-strairl re.tation .. ,hlp. for a typical polyure

thAne foaa. Tb. faa. of .. 19. 10-32 indic~tee both anergy 

atorage and er.~t"9Y die.illative behavior. TIwt .t.r.ee-atrain 

properti.a of aoae ,la.tic foams are alao aenaitive to rate 

of 10adin9 and te .. per.\.t\,l'~e 

The .nerqy-etorage and energy-diaaipative 

bahE-vior in open cell Fln.t.ic fo ... c~e froa the viaco

elastic properties of th<ll .. t.erial and toM pre .. nce of en

tt .. pped air. The air bc.!J a &Irked effect. on the IIKtcluni

cal ben4vior becausc oi the airfl~ re.istance and pre.

aure buildup ~e. dyn.aic conditione. As the f~. ie 

c~r.aaet.. the cell porua ae. reduce.! in si •• c:auain9 

a cl~. in flow re.ietat~.. The reetricted flow cau ... 

bardeninq of tJK;, foar;; dUf. to air pI.ssue,. buildu.p, .spe

eiallv at hi9h etrau. rat: ••• 

Foal1l is;>lutors offer considerable d •• 1#0 

f lexlbl:' i ty. They can bt, A'oll'led into alllOat any q80raetr ic 

..nape .cd. hanc., confiqured t.:> 4' .:;>id local hard point!! 

and ;~ttend..nt desiqn prohl ... s. Tests on isolator lletaellt. 

.ut-Jected to typ.l.cal nuc:'.ar _:.apon-indu..:ed facility shock. 

pils •• showed nco diecern:.ble "namaloue behavio .. nor eurginq, 

A10d h'\'1h trequer,cies It'er{! e':fect.ivcly, attenuat.f'd (Ref. 

10-15). t'!exiblt: foal'As can ~ viOec fot' wuHiple-shot ap

plicatio!'s •• 1tho~Jh thel". is some deqrad.'!tlon ",it" cyel ... c 
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Fi9ure lO-12 
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" ~. I, 

I 
II 

__ II 

+ II, 
.' " ~r:t.~-..::.:~"" J 

1 i 1 
\! 0 0.2 0.1, 0.6 0.8 1.0 

;trAln 

CD" 1'0_. w::.,r )(}, 1. ') pet (c. Ju!lr,l :1, ... 1) 

Str,un !\oat. 1.e 1:1;.110 12.')4 ,-:ai.1n l 

"'~ .... 
l>' 

St!'.ln IWot. 10.000 lR/alf. (2~.4C()_"".ln) 

•.. " .... ,., ,., J1\'Y.v""'·-'·""<"!1l·<"; .. 1~ 

Stress-S~ra~n ~urve f~r CiR, WS27)O. l.S ~ct 
Polyuretban1 Foall: (Ref, 10-15/ 
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\~dinq. Reference 1J-15 ami 10-16 reoort on lnv •• tl

qationa of the u .. cf flexib~. o~'~ cell pol)~r~th&n~ 

fOAlU faT shock iaolat ion of harde!l..t4 ande~t"Ollftd ,....e11-

itt ••. 

The 4iatribut.J nature cf f~~ isol~tor. 

1. attractive in -..tlnq th. r.~uir~nt. for oani4i

re<:tion.&l f~)rce-di.p1.scell!!&nt benavior '.ith .inl.~ tran.

latl.on .. l-rot.ation .. l couplirl fc.r tt>a case vf unito .... 

a~tcic qf!'.-etrift~ ar.d .... pr.>pertles. IIolro!ver. in 

the case of nona~tric Cje'( .... Ht.~ ie_ .t!:"\d ..... prJperties. 

.. Ilealqn probl_ .r~ ,'r in at1nta.1ninq the for.:. reaul

t.nt elcs8 t.~ the artlc'e CG to, order to .inilllhe coup-

1ill4). For thi. c .... it .;;., be neceasary to uae a Nt 

.. f .. r~·.r1)' confiqured .ii.cr,!te fo.a isolator •• or ca. 

other technlqu. to tailor t~t d1atribution of iaolator 

force •. 

f' .... r t~ case of an isolation systea con

siating entir~ly 0: to ... another poten~i.l prJbl~M that 

I".eeda inv.-sti9at ion is the l·;mCJ tera creep due to the 

at~y q.:avi"v load. -.f cre-ep ia a prtlble., foea. a.l)' 

atil'. ~ .. ttracti¥\! fur lateral 11101at Lor. in conjunctlon 

vl.th o~he: isolator. to handle '~rtical load •• 

f. ~~~t~~:!...l..!£'~ators 

Cyclic pl.atlc st.raining of a ductil~ .etal 

''1 a flX .. -d strain ranqf!' producf!'. " hys .... ;~i. loop VhlCh 

stabli.es dur~ng the first fev ~yclc.. R~Qeated cyclinq 

results in .lmoat constllnt energy absor?tj~n per cycle Ilft

til eVf!'ntual fatlque f~ulul-e. Metals scch as "lwainura CAll 

tolerat,~ "lqhl}' 1000 such cycles beforp f.ill.\re vhi1e 

• taln) ••• steel or titanium vill .pproa~h 10,000 cycles 

betor. a taticue . ai luI" (RE·f. 10-12). 
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The narrow.r tho hy.ter •• l. loop, tn~ 

9r_ter the c\I'cle. t.o -allur ... nd tht!' qr.at~r th.-(,lt.lil 

ene-.y absorption .~ fall~r •• Cyclic plastic straln'nQ 

to f.ilure reault. in considerably gre.ter enerqy ab

.orption than lnidirectional straini.nq to failure. 

Specific Ener<n ".baorption (5&\) for N cyc)?S to C.p lure 

1. appn xi •• \. .... y Ili U ... the!' 'iEA for !.:ni.1irectio".l:i. 

atl.iflinq t.o failure. The •• principle. are illustrdt.d 

qua' . nively ir Fig. 10-)3. 

O'le type of constant fOIC{: i~latol 16 

.hown .cheaa~:ea'ly in Fiq_ 10-3.. In this tyo~ of 

device, t.le t'lnq or tube ~l:. .. nts are COIIlprcssed SlIghtly 

out-of-round irtv the pl~.tic r~nqe. S.r,klnq of the 

dev).ce caUSe. the el...ent. to 1'0.1 and p~'oduces cyclic 

plaati"! bendin" det('r7Iatior .• s tIM:! f>{:·l.nt. of IllaXir:l.HI! 

.Ual!) are tranalaled around a rinq or tube. To e'ISU1'! 

t\at th •• leaent. roll rather than sl\de. the ratl.O of 

8qUf!'e&. torce to roll force i& selected so that the 

sli41nq friction tOl~e i. always qceater than the roll 

fort:e, Le .• cOE'fticient of frictio. x squeeze force 

> roll force. It i. desiraole. ;lovever. to _int.lln 

the squeeze Aoree only a. high aa nec~ •• ary to minlmlZft 

the tub« vall thickne •• and the device weight. 

g. Miscel.~ 

Precedlng para9rdphs hdve di8cuss~d var-

10U8 .'evicea and materials cOIIlmOnly eocounte.:ed .. n shodc. 

iaolativ."I or lIIi"iqatio,. rollu. In <"ddition to t~t'se 

aore O'\;' le •• SpeClt.C .hock prott-ction ite ...... tructural 

...... nts auch 'is beams .Ind plates often enter int.o COll

.ideratlon of a partiCUlar sh.;>ck isolation applicitlon . 

A <lreat deal of U\i~ful infor_tion on the dynamic pco

F·~rties of .. is~'~ll"neous systems is SUlftlUU' zed in 

Tab~. 9-12. 
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~19Qre ~o-ll "latlOft "~veen Nyatere.ie Loop and Sp.cific 
.... rqy Abaorption (Ref. 1~-12) 
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10.. SUPPORTS FOR ~O SOUIPMENT 

10.4.1 Gener~~ 

As notE~d :..n earli r parollqraphs. sa.. itea. of 

equlpment do not r.equl~e shock isulation bec.u~ t~~ pred_~ted 

IIOtlons at their point of attachaert to t.~ ~uplX'rtln9 atruc

turP. do not cxc.ed their -'Shock tolwrance. The_ it .. a can 

none.Jlly be hanlmounted tc. the supporting structt:.re. As uae4 

herem. a hardlllOunt is df·fined to be a ~thod of attachment 

which ba~ not been specificaHI desiqned to provide ., si,gnifi

~ant reductior. in input IIOtions to tde equipMent. Since all 

Mltt.hods '-f att&ctu.ent f'xl-,. bit :.:oae flexibllity. t.here is no 

p~=lse divlslon betvpen shock i.o~,~ors and hardaounts and 

both types of devie.?s vill .adify input IftOtions to .~ de

gree, !~owever, in the case of har4MDunts, the .adification 

will qenerally be of le.ser significance. 

tn contrast t~ shock isolatlon sy.t~s. hard

.aunted cyst .. s vill nor.ally e~~ibit r ltural frequencies 

.uc~ hiqh_r than those correspon4inq to the lover .adea of 

Ylbrati:>n 0: the lii.4Yportinq structure. Alt'Iou9h this char

aclerl;,tic off tors the edvanta~e of reduced rattlespaCf'. i.t 

a~~ laplies .-~ efficient tran .. i.sion of t.ighcr frequency 

caaponents of the support structure IIOtion to tht~ at tached 

i~e". Thua, it vould ap?ear that a .are eX4ct structural 

an.iys~s i~ r~quired for hardmounted ey,teas in order to in

ch-3e hiqh~H' mode. of vitration. In practlce. the nee .. , for 

80re eXAct analyses is ott~n at leaat part ially offset l.y 

hiQh~r factcrs of safety in mount desiqn and equipment .~ck 

tolerance. Ho~v~r, in the absence of good enqineerinq judqe

Dent. higher f",~tors of safetY'":'An oiten lead • unrealistic 

atta.:::h_nt cieslgr's. An alt(·rn .. te approach lS to carefully 

..::h(X's.,. or de-sign, attach_nts suc':--. that ttteo fundamental fn

~lency of the hardaounted systpm fAlls be.ow the upper It.it 
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or cut-off frequency c.l"...r(od by the cl7f\Aaic an.al.yai. ,-,t the 

aupportinq structure. Nomally. tb4t llpproach ctK-aen fpr hard

.aunt dea19n vi 11 be a COIft!:.ination of t'Nae two and wi! l be 

baaed upon conaiderationa of coat. 1.aportance of tLe itet; 

the aize and welqht of the ti_ and consequer.-ea o( failure 

of the attacn.ent systea. 

The choice of ba~unt properties 80 as to ~ro

vide reasonablp. natural freque.ci •• result. in other signlfl

cant benefit.. AMo~g these 1. a qre.ter confidence in thp re

sulta ~f the dyn~ic anAly •• s DeCAUse they ar~ 1~1t~ to the 

lower frequenciea. A lower fr~up.ncy ayatea also provides 

sa.. attenuAtion of hiqher frequency input ~tiona and it is 

in this r8qion where the qreater uncertainti~s ~cur as to 

equipeent ahock tolerance. Lower frequency systea. dIsc r A -

duee t.he possibility of resohance with high frequflr.cy lII!otions 

resultinq frOlll st.r~8s vave r ... flectiona .ithi" structural e14O

aents. Although the choice of a rea:.Ilnable natural frequency 

vill depend on the pro~rtie. of c::-,e il>uppol"tinq structure and 

",he h.:lrdaiounted equipment, fundamental fr~quenciea in the 

range of 10 to 1000 hertz ~ppear readily attainab~e in t ost 

applictotion5. 

11). C.2 Design Conaideraticns 

The first step in the design ~r analysis of 

hardaountcd systcms is • dyna&.c an~lysis of the supporting 

atructure to determi.ne input IIOtiona at tht" p<nnts of at.tach

_nt of the syatf'.JIls. In qeneral, t;he response analysis should 

include frequency components at leAst .a high as the fundamen

tal fr'equency of the hard.aunted syste.. Obviously this .:e

quireaent Must be tempered by engineering judgement but, if 

thi~ treqacncy ranqe i .. not adequately covered, .ollie of the 

IIIOst impoltant contrlh .. t:iJns to equiptQent mvtions lIlay not be 

included. Unless t"'~ eqliplDent IUSS is 1ar-Je relative '0 
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~t of the 8tractural el ... nt to .)lch It ia a~tache4. i.e •• 

,~ater than 10 perce"t. it i. ROt nec..8~ thAt the equip-

.. nt ... aa be inchllied in the dyn_ic an,lyai.. Stud! ... re-

pt'rted in Ref. 10-17 indicat. thM .... U equis-nt ...... do 

act aiqnificantly affect the .otlol1 .,f the .·~poI'tin9 atruc

tUn!. If.on than one de.iqn 1~in9 i •• re:~fied for: the 

aupportinq .tructure, t1 .. and .ot;on hi~torie. and .beck re

tJpOn.e spectra at the point of attachllent of the bardlloul'ted 

aywt .. flbould be obtained for each of the load:nJ.. An uPt-er 

bcW\<1, or envelope, of the ••• pectl.":> i. then uaed for de.i9n 

or .l'.;~.lysi. of t~e harda!ctUftt .yat... Si9nifircnt. ereor. "'an 

result troll the WM! of fr .. -field grouni .t • .JCk st.ll"ctra alone 

ior desiqn or analysis of ha~nted sy.t2aS. Since only ~ 

fortu'.toulll ~lnatioo of fa_tors would ceu .. iree field ao

tionB to be equal to those at ~ point vi~hin a structure. 

AlthOl.lg'h ela.tic-p~astic .bock spectra are preferred for yield-

1n9 ~t •• the elastic shock spectra wl11 provide conaervative 

eatl.a.te. of peak dCI.-.lera-::lon for tM..e ca.... A siaailer 

.tat~nt can be .aae for tho .. ~nts which exhibit different 

.aduli ~n co.p~.aion and tenaion, •• 1009 as the natural fre

ql..'ttl,\Cy of the ay.te1ll i. t: ... d on the larCJ8r of these .-dulL 

The shock apectra approach lS con.idered ade

quate for final desiqn of all si.ple hardaount systema of a 

non-critical nature. It is a1ao considered aaequate for pre

lu.inary de.ign of critical systeas and tho .. vho .. represen

tation as sin9le ckgree of freedoa sy.t .. s is qu~.tion4b\e. 

It is re~ncled that prelialnary deSign of the lat ;er: group. 

be verified by a .ore e •• c~ dynaaic analy.i. wherever practical. 

Once the peak equip.ent ar.celeration i. eatab

lished, the ~uir~d reaistance of the attac~nt is determined 

a. the product of the equi~nt aaa. and its acceleration. 1n 

~st instanc.s it ia nece.sary to add at least a portion of the 

.... of the ~unt to that of the ~~ui~nt In calc~latin9 the 
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~tal r~actlon. If the equi~nt i. subJected to ~iGultaneou. 

acceleration. in no~ than one directi~n. a corresponding ay.tee 

of forl.". IIIUst be applied to the lIIo.Junt. ,.11 tor<:t:'s IllUSt. be 

applied throuqh the center of qravity of t~e .6~S a~rl its mov~t. 

Thi. vill noraally result in art eccentri~: load t;,...>.ng &FpUed to 

the .oW"t. 

When thp .y~tc. of l~~ds applied to the mount 

bas been defined ant! a .au: t conflguratl<:ll'\ selected, the mount 

can be de.iqned or analyze<J uf'.inq conventional I'\ •.. 'thods of anal

y~i~. The desiqn PZ:OC€Ii& is An iterativ'l! onE' t.ld several de

.ign ..... y be ne,::~.s~ry before an accept.able sytlt.ol't1'> 18 nb\:41ned. 

'1he designer •• louid be cou .. ioned thclt a ate,.,.:- .. cr, 5tJ.ttec, syll

tea alY or.; .51vays hi! the corrt!ct solut i(')" to " d 1. f I Clp.nt lllOunt, 

lince t~.., stronger lIIIOunt aight subject ',,~t' eGui',-I!'.~nt to even 

t.igher accelerations. ~ere"e!' pos"i~h:, the 1W)~nt 3houl.:i 

11O •• es8 some flexib'. .. lt.y i~ t.ht' ht-ectlOCl ot til' ;.ppl ."d l07'~8 

or support motions. Fi~ure ::'1>-33 ShOWii Bone slm;.;l(' con.;et,ts 

for hanl1110unts vhic~ provide I.'.sri("lu$ dC)q'!,p.es of flexliH.~At.y 

If reldtive d:s?lacelllt..nt bet'WE'en the equipr.ent ar,d it:!) <hlP' 

por~s are acceptable, :·;eldinq lIIiOunts offer t.he <'d"<tf.+.aa·!!5 of 

:cedu<;ed ~quiplftl!nt acceleratl0ns and L1rc:es 1.,jpL~<; ~o... mount. 

Care must be taliten in t.he~(' case!!! to ensure U-'/H t'l.., '.!}U·.\"t C.,l1 

.1nderqo the ~'xpected defoclRatic!">i ... itt-.OIJt f",ili.!C/ ,~;: ir'lp3<:ting 

Ilpon some other eleillent. Wher·v.'c practical, !r' lITa.:e c(Jota("t 

betveen the harC'aouated equl;::.m<ont and ext;eriol ""<111 ~urfaces 

ahould also be avoidGd tc lI\inimlZe tra".$mi Salon of stress wave 

c;enerated actions co tht'> ... quipment. A !Kcond and more ir.:portant 

advantaqc rf £taod-off type lit '"c:.m~!"~s, "i\,lch as tho!;e shown in 

"'98. 10-33'd) and (f), L. ~hat t(''\slle and CO'l\'reS51ve moduli 

in a d1r~ction pe~r~nc.cular to the wall surface 74n be made 

equal. 
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Ie) P'l".lb_l'~Y 1<\ •• Y ........, ~ 
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Cb) Fl .. a1tnlity in y and It 

Dlr.ct ion. 

~ 
.~x 
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(4) Fl~alb1l.oty In x and y 
On~ti.on. 

LJ 
;ra 
II Y 

If) Fledbihty in '" y and • 
D1Te<:tlon. 

Fi~ure 10-35 Slmple Hardaount Concepts 
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" ~011ovin9 1 •• brief s,-.uy of th<e Uaport-.4Ult 
~ atepa in the deaign of har~un~4. The analysia procedur6 is 

-, .i.ilar .x~pt that s~ st.pa can be oaitt;ed since the .Y5-

·' ...... t:e. is a1re.dy spec i ~ ied. 
' ..... '"", SOIM of the stepa given below IIHqht be per-~~ 

for-.ed i~''?1'ljWlctl.On with the ~n.lyais of the aupporHng 

si:.ruct:ure and· ... _ ... ~~ld nc.raally not have to be perfotlN-d by a 

4eaiqner or an&ly~l'<'.::-?ncerned .)nly with lnternal t',juip-.ent. 

The~ stepa are lnclud~':-" pro,"i.:!. a aense 0# CORU,letene •• 
'~ 

to t.he p.t -,"ca.1llru • J."<,,, 

Step 1. 

St.ep 2. 

Stotp 3. 

Step •• 

' .. ~~ ~~ 
Define e<.a:.!i.pcaent .tt.ac~~·, ... ;-. r; lh ."d "m c.he 

~.";f.f_ 
structure. .... 

'1\..'i' 

Define the dynaaic 1,-~in9 t.hat lIlig~;'t' .. " "pnlied 

to the structure. ',_ 
~~ ,. 

Develop a coaputlU •. ~l th~t ,1.1: \ provl.df: rell~"'" 

tic a~ructur.l respona. dAL. at the ~'in~8 of inter ~~ 

.st.. The de9ree of aophiatic.tAon of the ~~l ~iil 

be rwasured by an upper cut-off frequency_ SOb.:'" 

frequency coaponent.a higher thAn ~he cut-eff fre

quency .ust. be included if ..,aningful c..no <tre to 

be obtained at t~i. frequency. Equipmer,t :IIOtions 

with ~omponent. bey~~·d t~i. f=equency wlll not be 

~ccurately predicted a~ will, therefore be of 

queationable valu~ for de.i9~ or analysie. It also 

follows that th~ MOdel need not ~~ ref lend to or~

vide data wlth a cut-off f"eq\:.ency a,,~v€ tr.a.t tor 

trnich the .hocA tolerance of thf! equipmerl t 1£ k~,,;.m 

Develop el4stic shocA spectra for ~~ch support 

point. Spectra should be ~repared for ~ach load 
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Step S. 

Step 6. 

Step I. 

Step 8. 

Step 9. 

&iiCl ~Dt of l0a4 and .hould cover tbe frequency 

ranqe up to thP cut-off frequer~. It elaatic-pla.

tic respona. 1ft equip.ent .upport~ i. eonteaplated, 

the.e spectra abould alao be co.puted uainq t~ ac

tUAl structural re.ponae for the ba .. .ation. 

Por each at tact.ent IX-' i nt. d1:-.<::.: io>.. and auppor t 

type. conatn:-::t the anvelope. of 'the ahock spectra 

obtained in Step 4. 

For a particular piece of e1Uir-ent and location, 

.. leet ft ~rP8 of attachaent device, i.e •• elastlc 

or elastic-plastic, C~ tilever, C-mount, etc. Pro

FOrtion the attachaent t:o re. lst the forc-~. caused 

by accelerati~n of the equi~nt ..... For a fir.~ 

trial, it ia auqqeated that a peak a~~lcration be 

taken fre:. the shock spectra at the cut-off frequency. 

Detenline the nAtural 1 requency of the support and 

*lUi~nt in eacb d1 rection with tne .uppor" con

sidered attached to a rigid base. 

find the "XUNla accele,;ation ca.ponenta at '.nesoa 

frequencies ~rOl'l the ahock spectra. Detenaine the 

aaqnitude and direction of the re.ultant accelera

tion ~ector. 

If the reaultan~ peak a~celeratlon fra- Step e is 

leslS than the peak accel,-ration tolerat.ed by He 

equi~nt, tbe equipacnt 3upport dealqn ia accept

able insofar as shock tr~l .. iaaion ia concerned. 

if the toleranoe level i. exceeded, a new desiqn 

to aodify CHI n .. tura1 fro qu.nci4i!s. nature of sup

port. or suplX'rt locatir.J • ..lst De developed. 

St,p 10. Verify the structural aJequacy of the .~t.c~nt to 

resist the COIIIbined lOt.da correspondinq to the ac

celerations f~~.~ in ~:ep 8. Modif~ aa necessary 

lOGS 
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to ... t structural strength requirement. and re

strictio~s on relative motion •. 

titell 11. If the initial design is mod if ied, return to Step 7. 

Tbe preceediD9 ger.eral stepa are a a:i.m.!?" (l atat.e

nent of a aa.etiJne. cOllPlex effort. If ate ie-tly follOV(.od for 

all hardaount applicatlons, the coaputation ~ffort wou!d prove 

oxorbitant tor coaplelt structures. Shert cutIS are possible, 

'i1M the c?mputational effort. devoted to .-: part· culo'lr 1tell' .ust 

r.~ detenlined by ita import.ance . 

10.5 ILLUS'£RATIVE EXAl"prr:s 

10.S.1 Helical Coi~~ 

a. GIVEN: An object "t!ighln9 40,000 lba 

(177,900N) which requires a 3 dz .hock l~olatlon sya

t .. in the v~rtlc.l mode. 

b. FIND: Hellcal coil spring parameters 

fu;: " iiaac-lIOunted shock isolation aya.:crn wi t'1 " verti

cal ayateJII t ~ ..:..:r'ency of 3 Hz. Eat imate t.he nor; zont .. l 

atiffi,ess of ~he vertical sprir.g dp.81gn. 

c. SOLJTION: Choose eight 3~~lngs poal,io~ 

.0 that the syste ... is dynamically balanc~ in t.he verti

cal JDOde. The we19~t carried by each fi,.:>r ir.g ."ill be 

40, 000/8 - 5000 lb. (22. HON). The desl.ted apr 1n'3 rate 

from Eq. 10-11 18 

k - 411
2 (50~91.~ • 4600 1 b/in - 8000 N/clIl 

3 6 

free Eq. 10-1, the static ~etiectlun 15 

t, • 5000 '" 
st «00 1.09 in - 2.76 em 

Choose tldyn • ~st to avoid lift-off O~ tenSlon 1n the 
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d -

aprift9 .... Cf • 1.2. ft.en troll Bq. 10-1, 

At • 1.2(1.0' + 1.01) • ~.~2, .ar 2.75 in • '.,a ca 

Pro. £~. 10-4. e 

p. • (1600)(2.75) • 14,'50 1~. 5',100. 

Try a ~prift9 lnd.x. C, of « and an 

able shear atre •• , T, 100.000 pai (".9.0 w/cw2). 
Wahl correction factor, ~. fro. Pig. 10-12 ia 1.4 

C • 4. Solvinq Eq. 10-7 for d. ~ find 

[
" ~O:C.'· J1/2 

allow 

a now
The 

for 

lIn . I (S' n.4) (4, (12,650) • 1.34 in, .. y 1.l75 in • 3.49 C1III 
~ (lOO.OOO, 

A not-wound aprinq ia indicated aince d > 0.5 in (1.27 ca). 

r~om Eq. 10-8 with G • 10.5 x 106 pai (7.2 •• ~O' H/caZ, 

for a hot WO".md spring, 

.(4)2'lOO,OOO) • 0 '·2 ' /in or cwVca 6. -~ , ..... 
(1.4){10.5 x 10 » 

Also tram Eq. 10-£. 

h - ~t/6 - 2.75/0.342 • 1.05 in • 20.4 ca 

Chao .. squared .no qrouDd end. for which tile n~r of 

iuactive coile n. i. ~,.o. TM ~ota1 fr .. h.i~ht. 1Iq. 

10-!(, ttlUS beco.e. 

b - 8.05 • 2.75 + (2) (1.375) • 1l.55 in • 14.4 c:a 

!h. lIlea'l coi.: diameter ror C • « .. D/d ill 

C • (4)(1.3;5) - 5.5 in 14 em 

The budd !r.., r.tio 

Ii/D - 13.55/5.5 .. ~.«6 
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which fa11a in the •• t. reg'on (left of. Curv. 81 of Fig. 

10-14. Buckling of the apr1nq. therefor.. should n(Jt be 

• probl_. 

The n..-ber of act!~. coils i. neec:iod to 

check tb. apring rat. of ~ de.~9n par&me~.rs chos.n 

UNa far. Fro. Eq. 10-j , 

H - 8.v5/1.17S - 5.85 

Th.n, wi'~h Eq. 10-2 

4 6 
k - (1.375) (10:5 x 10 ) • 4830 lb/in • 6450 N/CJD 

which 1. alight'y 9r •• ter than the de.ired spring rate 

of 4600 lbs/in (8060 H/cm). 

lncr .... ,H, the number of active coila. 

to 6. The effective solid heig~t :'\0'" become8 ;tA.i. 10-9) 

h. (6)(1.375) • I 24 !~. 21 ~ , 
and the total free ~igbt (Bq. 10-10) 

H. 8.25 + 2.75 + (2)(1.175) • 13.75 in - 34.' ca 

The relilultinq buckhn9 r.t.io ia 

HID - 13.75/5.5 • 2.5 

wbich according to Fig_ 10-14 indicatea the increased 

height ha. not introduced buckling prob1tlms. kesolvillg 

!:q. 10-2 aa above with N .. 6, we find k - HOt Ib/in 

( •• ~O loi/('.&\). which ia w.lthin 2.2 pei."cent c. the desired 

.pring r.~~: 

Alt.houqt the .bove prvcesa can be re['etlted 

until a. clo.,. agreeIMnt with th.:! target aprirl} rate aa 

d •• ired is obtained. consider the preceQ.~~ sati$tactory. 

The resulting .prin~ parameters are 

C • D/d - ., 

d 1.375 in • 3.49 ca 
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• 
D 

k 

5.5 ir. • 14 c:a 

6 

l 

• .700 lb/in • IllO N/c:a 

6. t e Adyn - 5000/~700 ~ 1.06 1n - 2." c:a 

6 t - 1.2(I.O~ + 1.O~. • 2.57. SAy 2 •• 0 in (6 00 CD) 

h • (6){1.175) • 8.lS in. 21 ~ 

B • 1.25 + 2.60 + (2) il.31S) • 13.6 ~n • 34.5 ca 

E.t:i .. te the la. eral stit fne •• Of the de

.i~n .pr1n9 wit~ r~. 10-13. Th~ value. needed fot d~ter

lL~n.tion of Ch fra. Fig. 10-1~ are 

~.t/B • 1.ul/~l •• • 0.078 

B.ID J3"/~. 5 • 1.7. 

!'be facto.: Ch for tb •• e velue • .La .at <.,."t.~ to be cOOut 

1.28 fro. Fig. 10-15. and 

~. • B - Aat • 13.6 - 1.~b • 12,~4 in • 31.1 C8 

Than, fran &q. 10-11. 

kt~. (1.44)(1.l')~O.204(1~:~1j~ v 0 26s1 - 2.44 

k. n 

10.5.:' 

• 4100/2.44 • 1925 10/in • '170 ./ea 

Torsion Bar Sp .. i~ .. GIVElh A 4C,OOO-lb (177 .S.OO1U :>bject 

which required a 1 n. ~~k i.ol.tio~ .yatea in the 

vertical 804 •• 

b. F:::ND: Toraion ber apring parameter. 

for a vertical .yate. frequency of l Ha. 

c. SOLUTION: Choo •• four Sprl.n9a fX'II~tione..l 

eo that the .yat .. i. dynaaically balanced in the vel' deal 

1009 

-.ode. The wei.C)ht cArried 0) each sprinq will be 4C.OOO/4 

• 10.000 lb. (44, t1S~). The dtH.iced IIpring rate i= (Eq. 

10-1 1) 

.,.2 (10,0001 (1)2 • 1020 Ib/in .., 17'.'fl N/cm k - 4AI 

The static det4ectio~ ie (Eq- 10-1) 

Let - lO,(~O/l020 - 9.t! in .. 24.9 CJ(' 

Take 6dyn • Ast • r f - 1.2. The total deflectlon (Eq. 

:~-Jl becoeee 

at - !.2li.S • 9.1' • 21.5 in • 59.7 C~ 

Estimate the levar ~rm lenGth 3S 2 x 23.5 ~ 4'.0, say 48.0 

in (122 em). Then fra. Eq. 10-16. 

• 6 7 T - (n.l) (l02C) (23.!)) - 1.1S .. 10 Ib-lr:" l 30 x jO N-c81 

Choose lallow - 10S.000 p~u (71.400 Nic • .:
2

) (lat-le 10-5) and 

fi.~ the required ~r diameter fro. £G, lC-i7 

d _{ (;.6) (1.15 x 1(,') IL 3 
().UHI05.o00T • 3.~2. tilly 3.85 in - S·:'" CIII 

l)eterilline the twist angle tr· ..... £>i- ~O-! ~ 

'\ _ li~n-ll(1.2!f·8)1 + 8in-llJ}_dH9--~ll K 28.1° 

Sol·.e Eq. 10-18 for the required bar lengtt, . 

.4(, 
L • !l!.:.lli 3 . \1.) ) Ill. 5 x 10 ) 

e (Sif4) (l.IS x lC6 ) 
~ if'€> 111 .. 2b'1 em 

Check the spri09 rate wlth Eq. 10-14. 

k - lL1-=-~~ IO')~].85)4 m 1010 Ibhn c 1770 S/:rr. 
(lJ.2) (48.0)-(lC61 

The parame I:er. as cieterllllned, then, shoul,! :. 1 COy.dc the de" 

.ired .prinq rate. The I~ulte1 bar lengtL. about 9 fe'-,t 

(J.2.7.ra), llIc1y cause difflCl'lty in I>vme appJ ~CiltJ.OI1S. :10110/

ev<!r. The "t.her torsivn bar r;roperties. l.J' ,1,.,' ill.! L
t

, 

:011) 



ar~ ~-.dili determinad •• dea~ribed in paraqTaph 10.1.3 

O;tCt! L al": d have been •• tab1 bbed • e . 

10.5.3 ~lli-....w.~ 

a. CIVEN: An object .:"'tqhiQ9 25.000 lb. 

(111.200M) which can ~ith.tand an acc.l.~_·\~l of 259 in 

any dir~ct_ion. -fi .... chj~ct 1. to be 1o.:aled in .. ;,. .. ,de4 

protective .truc1~re where the peak t~ .. -fietd v.~ticAl 

ground .;tion par ... ters have been esti»ated to be 

01 p~ac ... nt: 1S in • 38.1 CB 

Velo~ity; 250 in/~c - 635 c./.ec 

Acce!eration: 485 9 

b. FINO: A plolU.IIinary double action pnauaatic 

Sprlng design which will protect the obJect fro. .bock 
daaa'$e in ~he ',ertical tftOde. 

c. SOLUTION: The'fraqility lev«"1 of the object 

's 91ven as l~ q in any direction. E.c1aate the fragility 

in the vertical direction ~s 0.107 x 25 9 - 17.7 9. 

';he only infcnaation 9i,-.n on the shock input 

the c~Ject ai9ht be subJected to 1& in te~ of peak free

field qround IROtion. With no IDOre inforaation tt •• n this 

and f('r a preli.ai.,ary de.i9n, it ,,"i 11 ~ A.sWMCl thAt the 

pr -,tective structure vill -.;)ve as a :-iyid body 'lith the 

free field 9round motlon And that an adequate shock respon~e 

&pectrum can be constru;t.d 'lith the following .i~le rela-, 

tion'll. 

o • d - 15 in ~ 18.1 em 

v • 1.5v • (1.5) {250~ • 315 in/·ec • 953 em/aee 

A • 2.~. - (2.0} (48~) • 910 9 

where 0 1& t.he lQaXll'IIW!I relative displaeel.lent expect-ad be

t __ .. ,\ th~ support and the obJect; V 1S the peJak ape~trum 

vel~ity; and A ia the ppak acceleration the objec~ ~ill 
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teel (for .n und&lllp4ld syst_). 

The above value. ~re plctted 1n ~i9. 10-34. 

'the assUllled fea9ili f -, level in the vertic .. l dj ,ect.1on. 

17.7 g. i. st-own a. the dash line in the f1<l'!:-c. As 1Ikl)' 

be s .. n, the dash line inter .. etli ~~ ... peAk response envelope 

~t • frequency of about l.i all. CC"n.equently, All iaol.atj-)n 

.yst.elt with a frequene)' of 1.5 ita or lea. sh.:>uld J:,;c .... v"!>ll.. 

t.he object frca experj,ncinq an accel.=at1nn 9ls4ter than 

17.1 9. Aa ilia)' also be uott.'d frOM Fi9 10-34, any system 

vi~h a frequency of l._s than about 4 H. may be subjected 

to a relative diaplaceaent (s1'ring di£tcrt1onl ui •• UAuen 

•• 15 in (]8.l ca). 

Choose four aprin~s l~'ated eo dS to yrovide 

a dynaaicalll balanced systea. The weight to be su~port~ 

by each .prinq ia 25.000/4 c 6250 lb. (27.80CN). Select a 

.yst .. frequ~lcy of ] Ra. Tae desired spring r~te 1~ 

(Eq. 10-11) 

h
2 

(6250: (3) 2 • 5760 !.i.:l/in _ 10,080 N,'C::1 
k - 386 

Since the .tiffne~e ~t an air .prln9 increase» um\er dyna

aie loadin9, .~oltrarily reduce the static sprl~g rate in 
this (~s • .abOut 10 percent ••• y 5200 lb/in (910C N/,--m). 

the static deflection thus bth:-omeS (Eq. 10-1) 

~.t • 6250/5200 - ~.20 in • l.05 em 

TAke Adyn - 15.0 in (38.1 CIII) 4nd r:. • 1.2. n.en, th" 

total deflection (Zq. 10-]) i. 

!:it • 1.2(1.20 t- IS.O} r 19.4, say 20 i/\ ~ '\0.8 em 

Lo - Lo~ • L02 • (].3l) (18.0) 

• 60.0 i~ ~ 152 ~~ 

U.e Eq :0-]2 'lith an allowable differential pressure of 

200 PSi to est4m&te the piston area. 
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(S200) (20.0) • 520 in2 _ 335) cw A - -- 200 

The •• aociatea piston di ... t~~ would be about 25.8 in 
(65.5 ~). If the piston rod had ill diameter ot 2 in (5.08 
~). the .re~ of the rod would be 3.14 ir. 2 (20.26 em"). <.'r 
about ill 0.6 percent reduction in A

2 • Call thlS n~gliglbll' 
and take A - Al • A 1 • 

The chanber pressures at the ne trol por.l
tion with n • 1.4 (~q •. 10-36 ~nd 10-37) are 

.. S200 160 J ~ Po2 (2)(520) n - 1.20 c 208 PH '" 143 N/.:rn£ 

2 (~'lOOl (1.20) + 208 '" 22u pu .. 152 N/cru Pol • - 520 

Tbp. aprin9 rate at the neutral position can be ;o~d with 
Eq. 10-26 • 

k • l.11 (220) (5~0) + .(20d) (520) o 60.0 60.0 

~ 5200 1b/in - 9100 N/~ 

The 6liBOC.ated frequency ia 

f • 1 I (5200) ( 38..llJl12 o ~ 6250 • 2.S5 Hz 

'lhe peak dyn,JlIlic excursion expected is IS in (-6.1 em). 
The chaaber pressure for this condi::ion (Egs. 10-28 a"ld 
10-29) would be 

I 
60 0 11. 4 . 2 PI - 220 '0.0 -'15.0 • 328 PSl • 226 N/cm 

I 60.0 11.4 PI ,. 20S 6'0:"'0+~0 • 1',2 psi "' 105 ~/<..'rr2 

The t:pri'~'.l rate at the extended pOlilti.'Jn (Eg. 10·-27) i5 

W(yl .'1 41 (3281 (520) + ~ (520) I 6770 Ib/' 11 "50 / • . 6a.O _ IS.0 60.0 +15:0 u in ~ ,0 N CIIl 
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;/ 
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and the a.1IOC1at:ed fr.,quency i. 

/ 
/ 

f J
1/2 

f(y) - ~,(a77:i~t·,) · 3.26 Ba 

The pnewa&tic .priDf par ... ters deterained abo .. , 

u..n. g1 .. '" fr8ql.ieDCy vIlich h slightly lCN at t~ neuU'-l 

~aition and alightly hiqh at the anticipated peak Q~i~ 

disp1Ace.ent and should be adequate for a prel1alnary Q~

sign. 

10.5.4 ~!quid Spr' ng 

a. GIVEN: The .... conditioo ••• in &x.apl. 

10.5.3 above. 

b. FIND: A .?reliainary t .... ion liquid sprinq 

d.ai9n to .e.tl.fy t.)4I ~ requlr ... n~ .... the air .prift9 

;above. 

'l c. SOLUT,OM: C}too .. PIU: - 25,000 pai (17,230 

II/ca-) and Y. • Yd • 15 in '18.1 cal. Liquid .pring .tiff

nessea i: crea .. under dynaaic loading •• do air .pl ·,ngs. 

Conaequentiy ••• tlB1.ate the spring rat. ao.ewhat Ie •• than 

the desired average stiffness a. vaa done for tn. air 

spring, tIt.g., ';4;00 lb.-in (9100 II/em). The required ef

fective area (~q. 10-54) thus ~. 

(S200)i1S . 0 + 15.0) • 6.24 in2 • 40.a a.3 
Ae ~ 5,000 

Take the po'eload pre •• llre •• zero. The atatic pre.sur. 

(&.. 10'-5:» 1s 

• (5200)(15.0) • 12 500 nai _ 8620 .'ea2 
p. 6.24 • r-

~hoo •• Dow Corning F-4029 a. the apr~9 fluid. T~ factor 

Cd (blsed on Paax) from Fig. 10-26 lS 0.12, and the .tatic 

caapre •• ib11ity Cs (ba.ed on p.) i. &bOut G.O'~. ~ae r.

q~ire-1 cylind.r volwae under no-load condition. (Eq. 10-56) 

is 
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v - A'i~4~(A50~~ - 2010 in
l 

• 34,100 cal o. . 

The .axiawa loW expected em the piaton J Jd 'WOuld be about. 

P • k(y. + t d ) • 5200(15.0 + 15.0) ~ .~~,COO 1he - 694,000 II 

Chooaill9 a atee1 vith • ten.ile iield .tre •• of 7~ .000 pai 

(51,700 N/ca2) .'!WI • I8ftrqi" .. or pfety of 5, the allowable 

worltill9 atres. 1.1 the J:f" .. i. olbout 15,000 pai (10.140 lI/c.2 ). 

'the l'eq\lil'ed ar.a of ;he rod thus be\..-o.e. 

A od - PIa - 156,000/15,000 - 10,4 in2 
- ~7.l c£~ r v 

and the asaociat~ diaaft~el' ~. Dr • 3.64 in (9.25 en). 
'the pi.to~l area required •• the .\mI of the rod 4IIuld .ffectiv. 

ar ..... 

~ - 10.4 + 6.24 • 16.64 in2 _ 107.4 ~2 

T:~ piston diameter Dp , 4.61 in (11.7 cal. Select .. 

cylinder 1.ngth baaed on Eq. 10-3 vith Cf • 1.2. 

L c ... 1. 2 U 5.0 + 15.0) • 36.0 11 • 91. 4 e=

Th. required net cylinder area i. 

Ac net - VoILe - l080!)6 • 57.8 in
1 

- 146.8 em 

The 9ro •• cylinder ar.a •• the sua of the rod and net 

.. :yll.Dder ar.-18. 

A - 10.4 + 57.8 • 61.1 in2 • 440 ca2 
c gros. 

The inside cylinder di ... ter Dc· 9.31 in (21,6 C~). (The 

abo". di ... ters could have been found directly "rO.llll Eqa. 

10-57, to-58 And 10-59, if desired,) 

The cylinder ~l~~ ~t the .t.tic po~ition 

is 

v. • Vo - A.y. • lOIO - (6.24) (15.0) • 1986 in
3 

- )~,SOU ca
3 

The volUile at peak dynaaic diaplac-.ent is 
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Vd • Vo - A.(y. + Yd' • 2010 - (6.24'(15.0 + 15.0) 

• l"l in) • 31.000 cal 

The •• tt-ated bulk ~ulua of the aprinv fluid in this 

raog. (Sq. 10-61) i. 

d - (2t~Ol!~~,500) • 210.uOO pai • 1,1,000 ./0.2 

The n.t.ic aDd dYl r .C apl:lag rat. •• (Sq. 10-60) ~ 

k • S2e0L2aO)~~.~4)2 - 549~ Ib/in - 9600 Mica • 198 
2 

kd • (2'0.O~~'is.14) - 5760 Ib/in • 10,010 M/ca 

~ the a.eoc.' ated Mtllral fr ... ~.nci •• ar. 

f - 2.14 Hz • 
fd • 1.01 Hz 

The require.ent. in thia .ituation. then, 

could 0. aati.fied vi~~ liquid apriDg. v~tb int.rnal di

_naions of abou;.; 9.U inch •• (2~.6 cal di ... ter and 36 

inches (91 •• cal _ .• nqth with a aaxiaUII internal pr ••• ure 

of 25,000 pal (17.230 1I/C1a2 ). As IlAY be .. en, the .. de

Yices are conaiderably .ar. ~ct than air sp~in9. for 
tho .ame .. .quir_ou ....... 
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~'eCT10.I X I 

DUIGM AND ANAL.YSIS 01' STRlJCT'URAL SYSTEMS 

11.1 IN'TI\ODUCT 1011 

11.1.1 ~-!.! 

This section utilizes the i~for.ation rres~nted 
in preceedil\9 IHtCtiOll$ to d .. s.;:ribe Methods (or Je.iqn and an .. J.J'
.1. of .~ructure. subjected to a nuclear environment. The rela
tionah:tp between d •• ign and analysis has already been 1iscus~ed 
to ~ ellt.ent in Sec.;cion II. Tl-e priaar)' difference in the two 
procesoes ia in the d~9ree and directicn of conservat:t .. regard
ing .tructure lOAds and ~e.iatance. In structural de.ign, maxi
__ loautl cmd a:tniaaa r.siBtance are nor'!M!ly .... ww.d. In ,}na'y
.ie, the coabination will probab~y be gffected by the objective 
of the I 1aly.i.. In as.easing the vulr.or.bility of one's own 
f .. cility, the as.u.ptions r~arding load and resi.tance aay not 
<Uffer greatly fr-<* those use.) .in oleal.,:". Dlfferent a.suaptions 
will be appropl:i.at~ fo,," other analyslS objective •• 

In t>oth d.aiqn and analysia, .. decision PIUS': be 
-.de as to what co,\stitutes failure or unsatisCact:or' pertorm
ance of t.ne wtn'ct'tre. This decisiol. is larquly based upon t.he 
functl.on I.)f the .\.ruc'ure. and evaluat ion of tl"e perfonaance of 
a (acl\ity will no~ally require conslderatlon of .. 11 the nuclear 
we .. pon <'ftects and "heir 1nteract.ion ~lth the facility. Al t!:_Juqtt 
.~ructural deforaaticns .. nd the perfo~ance of ir.terl~l e~Ui\~~nt 
are of prlmAry ~rt.nce in MO~t. cases, nuciear radi .. tion, EM? 
and ther~l eflQ~t. ~a~ be ot equal lmportance. 

The f(\llowinq r .. ragraphs dir:;cuss procedures ,or 
the dealgn or .. nalysis of varlOUS gent'ral types of litructurt!s. 
Theae d1SCliSSlons deal pri~rJ.ly wit:. nuclear weapoil ef fect,.. 
It i. asswneo.. th .. t a conver.tional structural dcsl(ln or 'anaiYS1. 
1. a1;::<) a(.;complished to as!iure pr")p<"r Pf'rforOlWlnce under nor :nal 
:iead •• Id li· .. e lc:ads. 
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'.1.1.2 L",sign 

~he dcsiqn prvcesR is an llerativ~ pl'~cedur~ 
of .t~ial aiW analyaia. An llutial tl'!al section IS s€lected 
and \.hen analyzed to dctennine if ItS re;..ponse tG Hie ll"p<->Sed 
loads is "'ithin apeciCled bounds. Onu ot the (lrst I'~ep~ 1n 
the proce •• is to describe t:le envu'onment tor Wi;l"cL t!:~ iacillly 
is to be designed. As uld 1cated 1n ~ect ion II, til" t>henomf'na 
of interest will depend upon the type of faclllty. J..('., above
ground, shallow burled, \leep under<,(mmd, and the t'-red\., 1.e., 
we .. pOI' yield, height 01. burst. etc. O,lCC the I!tr,"ct .. e tiPot.> 
baa becn aelec-ted. the loads ;ar be d.~term1ncd and t r l11 s(.'c·· 
tJ.on .. aelec\:ed for the structural components. It is ~-;'_'l'Jested 
th .. t ~'le atruc .. urdl COlllponLnt. be designed tina' t< .. r,,;;,u~t the 
dynamic loads illlposed oy alrbl.ist ~>nd/or ground ::;he:,,;". AL'ter 
.. dequate ref'iatance to t,hese loads is pruv tded. t '" de"r',~c of 
protect:ton atforded trOIlI the other nUClf'!dl • .. cap(n, <,,:'tect:.; <:,\~. 
be detennined. In some 1nstanc.;es, It Indy be necc', ",n y to "'d
just the initial deSIgn to provlde th.' r~q,HreJ ~. :':l.~tl'..>r. frOl'l 
other effects. 

In order to stilrt thl.' dcslgn pro:.",.,. Jt ~s 
rKeasary to obtain an in1tial tzial .ie..:tlo" , It It \s as, 
"UIlleC that aome inelastJ.C response lS '111lllofabl~' drj-J u:e POS1-
tJ.ve phase duratlon of the dynar.llc ;0,,,.1 15 I ")r.,! r",':l~'C tv 
the fundamental period of tht. cl::!'>f'n (l.n 37

N
) , (he rcq,nrcd 

aaxiJllUlll statIC reslstanr.c of th{' elcne:;t can Ol,' ,:." ; m,ited r,y 

where 

- 1 ] R '" Fe l--l m 1 - 2~ 

~u peak value of the load 

~ ~ 1uctillty ratio 
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Tbua. for a apecified ductility racic .• the re

quired 1.t.at.1C r •• iatance of the el_n:,. can be obt.ai..t:J frotn 

Sq. 11-1 1 .... tera. of the peak applied lo~.rhi. requirad r't

ai.tance can tl.n be translated in~ str\~tural dimensions 

usin'l expressil .. ns froa Sect.ion VIII for pr~·rtie. of the 

structural wla.ent. It ia aU99 •• ted that t~e r.lnaa~c yield 

str.n<1t.h of .teel and dynaaic COIIp,-(."sl-A .trenqtr ot concrete 

be .!aed In expres.ions ot Sc:ction VIII lrr~ardle ... o£ v~.the~ 

the object'.v. ia d.ai9n or ana4.::'ai.. A .1ynUli: a"alyai. oi 

this trial section i. then -..d. ant' dlMenaio',. adjuated aa 

neeesa.'\ry to OUt.in the des uecl r.sponse. A tbou9b , •• 11-1 

vas del"ved for lon9 rluration lo.da Vl~~ ~nstA~t.aneous ri •• 

ti~ •• it. can be useC in obtaining. trlal 5~~~i~ for oth~r 

lonq duration load tunc' ion •• 

_n thvse cas.s wer", the load duration is lihcr·t 

cJq>ared to the perior' of t'!e .1e ... nt (to"' ",-3T
H
), tbe load can 

be ~r.ated as .n iapulse whose aa~nitude i. equal to the area 

undCl the fo~~~ versus ~iDC curve. For this case. tl~ ~cquir~d 

lesi.ta,~c~ can be estHI',ateO 1., 

where 

-N 

il 
=- .~-~l' 

.. llllpula," 

r tural It'equency of ayst .. (rad/aec) 

01-2) 

The a,!'ant.:aqE' of a110w109 inc last i.c act ion to 

occur ;.:!' ObV10US frNt. £'is. 11-1 anI! 11-2 ---I:oJ: l.uge d lct lllly 

ratios. t.he 1 equirPd m.lXlnUIII re'Slstan<:c is e~ua~ _0 the P\!6K 

load for lonq duratlon 10.1.0'" and approaches Z :'-0 iJ,r impullil vc 

load!". For ... ductllH .. ratlo of one ielastlC rcsp..'Lse). too 

re'{Utred maXlIIlU:U reust.-mce is uti"':e the pe.lk 10. d 'or Jony 

du:: at. ion ~o.'jJ.s <ind equal lC 1 "'N for i RlPU 151 VC ~. oads. 
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the ductility of a structur.l1 el"'IH~!' wiL cic

pend upon ita ... 0nfiquration. proport:!onll and the fl.lterl,,'s from 

vhich it ia const.ructed. The tvo matf'rials most .·Qrnr.!onl}· us. ~ 

':'n p&7otective conr.tr\,lct\on are reInforced concr.:~G' <1(10 litcel. 

Ductilities of 20-S0 are possible in underrcloforcf'd concreto' 

and steel ~rs in flexure dlSC1.sscd lf1 ~'"ct 1<.' I.> II .IIlO 

VIIi. The ductil1ty ratio wi.! be much less tor bO'tic /!lodeS 

ot ("ilure. possibly 2-10. The select 1011 c[ a d'.lC'·' 11 ty lat iO 

tor use in deSl'in s:lould be base<:l upor. c,'''sHieratlor. 0: tt',L' 

functional requireme!1ts of the f"truct H- ..t'i well .'h it!' d<lc

tility lilllit at failure. Slnce eVer)' ('ffu~t l.1i m..td,,· .n de!>",}o 

to avoid bri~tle IfJdC,i of f.ulure. du('tllny ratl"'" )'0 to 

1.) Olre '1cr.erally selected for cOiurnn>', ShCdt:" r(~q ... 0.s~' '"OoJes, 

etc. Duc'- ilities of 1 to 10 lIIay be chosen tOl' -.hL t J C.'."Yd 1 

nIOde depcndinq upon the function of the structure (H n ... :~mt>er. 

Equations L -1 .snd 11-·2 along lolth most of the 

di~C"l.Isaion _0 thJS pv.r.t --i\VP. lleen .;,:)flcecn~d With the lIutlal 

phase of the uesi9n proc~a6. i.~_, 5elC'cCtlun ot a ~rlal !«'..;

tion. Th~ S;lI\plltication of the load {un..:tlon, .d".dlzation or 

the str",ctar31 bc.l<l\ ioc and apvrOxun'\l'10"'1 of trlt: :;t '. uct .• I·e' S 

dynollluc response in terllls fa sinql(: degree of lrc·(,d,,!.i systu·~ 

are qcne!"a~ly adequate (and ::ecOmi'ICIl,;,.', tor this f '.: r post! J.nd 

for quick fcasibil1ty s~udies. As th,' <.i.'sl'!n prQ,:, SS \-ontinues, 

the aesiqllcr must: begin tC' take <1\..COUllt of t~\(, plc>b.JLlc ilct"'dl 

load functio') .;,tnd th\,o interact 10n ot t tw ;:;'.ructvle ,:krOI "ilt lOllS 

and Illations wlth the load 01' SlirrOUIlOin'! mtc'du.iffi In drrlVlnq at 

a final design. 

11. •• 1 ~·.~lysts 

While the bd!'l,- ,,1111:'-',<:,11 t<ChlllqU<", ',[:(',i tOl' 

design alld analYSIS arc ldef't.Cdl In n,j[~y 'nst.)nc";;. tn,' cr.t

teri ... ",se<i for detcc:-:llll.nrJ stru,:tclra, rcs!"'n~,.: or ' .. ,'. too ",nVlror:

fllent miqht di1tE'r qre.::t1r. T'll f<1~·t L.n tt.l' <l:'d,',t 1" provhicd 
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;;he .atenals, confi~\.ration and proportions of a .t ... ~t;..re 

or struct .11 eh.~nt dt.4lt !'Ot ne-:essaril:,' sl>ap1ify U:.e l:- -~

cess !n coa:~ar:'son with c:!c5i9n. Ttl<. I')bj~tive of the analy-

815 ... il.1 to SQae e"'~mt det~,,"il.e its \ltfticulty and reG,llred 

~rcuracy. T"M! l."$t. dlfflcult type of analysu • .LS th.-n !"e

qulre.. I.':: deterwn;;e the ultillate strel'lqU, of a atru:ture. 

While Ci.)nse!-vat i ve ..ie".qn pr('Ceciures bave beer. develo~ 

through extensi~e research and e~~~rience. relatively li~~le 

ia k"lOVl~ req ... rdl:l~ .-,' lure or "::0 1 ',&~st< of a Ftructure. In 

'Jen"'ral. the al".<\ l~ Ft !Should use tt.e best aVclilable informa

tlO~ on material plopert:ies and the InOre aophist;-:ateJ met~tOd.. 

of analysts in oniel- to ainiltlize un<ertaint~es in results. 

Dt:p€ll<ll!lq vn "the d(''jn~e of conservatia:. desir~, it lNly be 

approprllte to as~ure aini.u. loadinq condltiona dnd .~Xlmurr. 

strer'th of .. ~~rlals. 

In many cases of t:clrget analysis, only sparse 

informa.ion is ~valla~te regardlr.g pr~rties of the struc

tur~. A reason-ble approach in su~h cases is to assum~ t~at 

desl~n ~r0Cedures, ~ _erial proptrties and construction tech

niques arc si,i1ar to those -.lsed 1n t-.he nearest coc:parable 

qe<"lraFhical reqlon f:lt" which such ir,formoitlon ia available. 

.\dnut:tedly. ",hi ..... 'proach raay 1...,11y pro"ide crude cstilllate<; 

but. :,n SL-..rM! instanc~s. it ;;';:''1 De the only one open t.L' the 

analyst.. 

11.2 ABOVr::G'ROUND STRUCTURES 

Al~veqrou~ ~tructur~s are dlSCUSSed in general ter~s 

in Sectlon II wlth resppct to prlmary nuclear weapon effects. 

t.YF't:'s 0f bJ~st. ao\antages and dis.:tdvantage_. Nuclear eff •. ·,~ts 

ph.·ncr;~noloqy is <tddressed in Section ·11 throuqh VI: Section 

VII presents qui.,:ance for tranc;l.atin'l t.le phenorr,!':1 ~logy lnto 

104 js n,;;cd.;d for st'-uctural dt'Slqr> dod .ln3.1ysis. This ;;ara

grap, will illustrate 1n S..l3\CIQi f.lshlon applicatlon of the 

of thf' data in pn'ce"lnq sectlons tv aboveground st:ructureS. 

lO~4 

----' 
_..-~- ---_-__ ............. "',i_ 

The pro.>ortions of &hoveqroun~ structures • ..1lmost witho'it 

fail, vill be contrc..lled by reflected pressure, dynamic pressure 

or r3diaticn. Ground shock and cLater missilps must alway. b6 ' 

Cor.si~9red, but it will usually be found that the ~-t,uctllre mup· 

nec-.5~r~ly be 80 far from the burst to avoid colla~Be due to 

airblast that these effects rarely control. As a cl-s5, above

ground strt:ctures wi 11 not be fcund t>ract'leal for the ruore 

severe threats. 

11. 2.1 ~ectangular bt'-";:"'""lI~ 

. definition, rectan9~lar structures will con

III' st of plan ... r 6t.ructural elements with st.raight-line intJ~rl>ec

tio:\.. ,. .. such, they If • .sy be eaSler t(,) treat analytically, but 

they will not uemo'1strate the load-carrying efflclency of othel 

ShaPf!b. 

Assume that lt h,)'s been d.eter uned that a cer

tain essentlal function will be afforded the re'"uired surviva

bility th>:"ough c ~lnf:d dispersion and hardenlna prvlilded it 

can be located at a point where the incident peak overpressure 

from nuclea~ eapnns of 2kT to ~OMT (8_4 x 10 12 4.7 x lQlb j) 

is 10 psi (6.9 N/cm1 ). Also, let it h~ve b(~n detelmincd th~t 
U-.e envelope t,~ house the fl.lIlctlon is adap';dbJ e to 20 x 20 x: &

foot (6.1 x 6._ x 2.4-meter) mO<.iules. A f'rell.nllldry inv<'sti(jd

tion of the feesibility of providlng the n~c~s<>Hy protect;nn 

by an a~Nu~round rectangular building i~ deslr~J. 

a. ~iur \-,dlls 

To get start~d, estirr,at~, a tria) sectl.on 

ti._ ha:;is of Eq. 11-1 k.nowing th.-..l tt.e tUlle of OUl-.s

tion o· the lOMT load will he long re:,,' l'.~ to tho: per

iod of ;ructural elzments commonly f'nc()untere"i In pro

tective cun3truction. Iqnnre t~~ rrflp ted pr~ssure 

splke fOl the "ime beins .. t a~e I o 
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L ... t it. ba\ bt?en det.erai"ed that inelastic action to 

the extent. of ... J will ~ acct:e:;~"Lle. Froa Eq. 11-1, 

~ •• 10 [r:-rh:\TfI ] • 12 Fai (8.27 N/<.:a
2

, 

Choose r"infol.r-(.>d eC"nel~te as t.he structural aateri",l 

,,: .. 0 lode" 17SQ ~SJ. {259C, N/cm.l} and f'i)' - 40,000 PSl 

i i ,600 N/~2} ..,herc~ fdc and f'l'1' are .1ynaJllic .. tr<>nqt.h 

parameters ~or ~he concre~e and relnfor~.n~ at~l, re

spt.··ctively. T.Jl<oe the ".111 IK'ctlon ~s '" one-way ai·.b, 

i lo..::h (2.S4 (""m) wlde, '1'1 8-fc:.,t (2.4.) span, and I.'-xed 

at both ends. j-'COOI ':--1. 8· ~5 w~th a = b • 1 inch. Pf '" R., 

Pc i-e .. O.O~, 

.; 

1/2 r Rm . ____ ... _] 
Lp.;.(P<. + fe 1 f dy 

( 
12 )1/2 

~ ~s 7.2(0.01 .. 0.01)40,000 

d =- -l.") 8. sa y '. 5 ] nUL 4 em) 

Sel~ct _~ thlcKness of t.he seetio~. t •• a ti.O inches 

;1 .2 ,"a) to p"ovlde teel cover. The resistance pro

"ld€'d by the tr'al sectic .. iii (Eq. 8-55) 

2 
(7.n (0.01 .. c.ol) {4J,OJCI (t' (~;i! 12.7 ~$i (8.73 N/~~2, 

Dct,'rmlne t.hc nat.ural po;!r iod o( th~ E'le

mcnt <IS de~£lbed n paragraph 9.3 • .l. The 1:"E:sistance 

~, .;:orrespond .. n,J to the deflectIcn x. (fig. 9-16) 15 

fcunJ frOlll Tab,,,, 9-4 to be Rl '" l':Mp!'</L. '5imilaJ.l~. 

• sine "'PI> '''\;;:c,' '\1\ : 16Mps/L. Also. kl '" 384EI/L 

and k2 • 384£1 ~) Rc~er to fl~. 9-16. 

R} 

Xl ... k~· 

12M L2 
.. i'~_._ 
~84r:l 

U2fi 

R .. R 32K L2 
• 1 .-..l:.8 

x 2 - xl + --k-- - 'j84EI 
2 

Rl 
xl - ~ x 2 • 0.0521 K L2/EI 

• os xef '"' x 2 

R. 
kef • ~ • 307EI/L

3 

"ef 

(This value of kef could, of co~r.e, been read directly 

froa Table 9-4 in this particular caae.) Let the den-

aity of the reinforced concrete be 145 lb/ft 3 (0.023 N/cm
3
). 

With Eqa. 8-2 ~nd 8-30, 

E .. (33) (145)1.5(3750)1/;' ., 3.54 x lOti psi (:l.44 )( 106 Nicm2 ) 

I • (0. 5) (1) (4.5) 3, (5. S' (0. Ol) .. 0.08 3} 

I - 6. ~9 in4 (262~4) 

The total mass of tt,,.. sectior, 's 

'" (6) (11 (96) ~145) 2 K
t 

(1728) (3 6) - 0.12S 1b-s~c lin (O.219N-sec2/c~) 

With KLM - 0.78 trom Table 9-4 and Eq. 9-34, 

1/2 
T "" 211 r \0 78) (0.12~) (96) 3 ] 

N l007) (3. ~4 x 106 ) (6.29) 
0.022 Bec 

The 4!xposed exte:Lior wall hClght \oIill be 

~ t 8.5, say 9 feet (2.74 m) high. For a wall panel 

20 feet (6.1 m) long, t',e d.l.stance 5 for use) n Eq. 7-7 

ia thus 9 feet. The shock trent velocity for both 

yields .I.S 1400 ips (427 mps) from Fig. 3-11. 

t '" (3) (9) .. 0 019 sec 
15 llOO . (Eq. 7-7) 
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Filr t./T .. • G.v19/v.Ii~~ "' G.&6 &na " • 1. F-.IFo " 0.;' 
fro' Fig. t-, (al. On thi. basis, the trial MCtioR 

.h<~u1d be able to vi t:l.t.and ~_ethin9 11" e F • 12.7/0 79 
2 0 

• 16.1 pai (ll.l N/~ ) durl.~ t~ reflected pre •• ure 

spik~. Froa F1"il. 9-9(b), the t.ilDe of peak response of 

the _t':tion •• .. 11 be t.. ". (0.76) (0.019) • 0.014 second. 

or d\'rin':l t1Ht ':.il'le t~e ref:ecteo peeSSl're .pike i. act-

109 on the val'. The peak reflected pre. sure (vertical 

vall) troa Fig. 7-3 15 25.8 psi (17.' N/ca2 ) fo~ both 

Ylelda. Mbile ~hla doe. not neceaaarlly aean that ~he 

trial fWtCtio.- .. : .. 11 colt.rae, it does indicate tM;; t.he 

deslqll coN!l~lons have Jeen exceede.l. 

... .,..-. , ...... ~ ............ ~.,,".,~-~ ...... ~ ..... ::.~ 

Esti'6te that the requirec. static reliistance 

needN vill be on Uw 01 er of O,SPro • (0.') (25.') '" 20.6. 

&>ai' 20 psi (13 !l "/ea
2
). '1 .. £ 4~ired efft>ctive depth is 

cI • 'fi[ 20 ]1/2 17 .... ) (0.01 ... 0.01) (40,00C) " 5.66, say 5.7S in (14.6 Cal) 

'\.-

Select t - 7.25 lnc,les (18." em). The resistance pro

vlde<1 ia 

(7.7)(0.01 + 0.Ci)(40.000}(i)I\~S)2 .. 20.7 psi (14.2 N/CJrl
2 ) 

Th~ approx~te ~men~ of lnert~a ~f the nev section is 

t • (0. 5) ,~l (~. 75) 3 l (5. 5 I (0. 01) +.0.083 J 

I a 13.11 'n4 
(546 em4 ) 

and t~e nev totAl mass is 

N. ~ i.2..;c"-~Ui (l~U - 0151 1b-l'e,-,2/in (0.265 N-aec 2/crn; 
.. \ 1 • S. (.:. 

T:-.e natural per; od of the revua"<.i section is 

) ]1/2 ~ .... 2,,[ __ .:O.7S}{O.151)\?i_)__ .. 0 • .)17 Be\.. 

N 3(7; (3.54 x 106 ) (..3.U) 
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For ~ - 3 and t /TN .. 0.019/0.011 = 1.12, F allowable 
8 2 0 

i~ a~·t 2J.7/0.85 & 24.4 psi (.6.8 N/cm ) versus the 

applied 25.8 psi (17.8 N/cm2 ). Call this sJtlsfactory 

for the present and look at the effect of tfl( total 

pre.sare pulse on the section. 

One can be reasonably certalOJ that pl"ak. 

response of the section will occur early in the pressure

t~ history, so the values for too as descrl.bcd in para

graph 3.2.4 wili be of interest. It appears unreasonable 

to use Pro as the peak valu,;> of the apprOX1!T:~t'" function. 

One should, however, consider both overpressure and dynCl

.ic pre8sul~. 

The peak free-field C:jnanlic [neSS'lre for 

both yi~lds is 2 psi (1.38 N/cm 2 ). "''le front race dra<j 

coefficiel't edt = 1.0 from Fig. 7-8, aSSl ,inq an ideal 

blast wave. Neglect the decay of the freC'-fleld o\ler

pressure ane oynamic pressure dur-ing the tJ.I1W tL an(l 

aFproximate a l0aJ tunction WIth zero rise tnne ane. a 

peak ndue Jf 11 of- " -= 12 psi (!l.3 N/cm
2

) fr<:Jm Fi9. 3-'0. 

For a 1 MT surf.:.ce burst and 1'50 - \2 P<;l, 

second. 

2kT:to 
ro. 002] 1/.; 

0.6l1 - = 0.076 s('c 

10MT:t
o [

10] 1/3 . 0.6 II : 1.291 sec 

, 
00 

0.0 

(Eq. 3-1) 

(Eq. 3-1) 

For ~ E 3 anc to/TN'" 0.076/0.017 ~ 4.5, RI~/to ~.lh 

from Fig. 9-9(ii). This would J.ndicatc that ttl.: trIal 

section could withstand about 20.7/1.16 = 11.8 fJS1 

(12.3 N/cm2 ) from the 2kT weapon. Simllarly, tor \/TN 
• 1.291/0.017 '" 75.9, R /F 1.20, and F dl~( .... able for 

mo. 0 2 
.. ne lOMT we:.pon is aboi.Jt :'~.;/1.20 = 17.3 PSl (11.9 N/cm). 

It appears that the revls(d Wd] 1 sect ion 

will be reasonably saL.sfactory, at least .)~ tillS iJolnt 
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i. •• t.~,e d~.i9n process. ..fore aakill9 furt.hel refinelle:'lts 
1ft the sect~on v.tr the .PPt~Xl .. t ... thad. utiliz~ thus 
far, It i, reco.ae'lded that one prnceed on_I'd and .. leet 
preliRljnar~ t.tl .. 1 ~t'~ns for the reaainder of .Jw .truc
tun~. 

b. ~_t. 

In ..... ti ~4t~ the t"oof .. s • f:wo-,.ay .lab .illl.'
lar in pr~portio~s to the wall. i e •• t. - 7 25 inches 
U8.4 ClIII. d. 5.7\ lnchea (14.6 CItI) anu .t .... l ratio or 
0.01 both vays. b'th faces. All~' tor 9irders 12 inches 
(30.5 om) wlde. vh.ch result. in clc,r .pen~ of 19 f .. t 
/5.' mI. Take th< .lab _s fixed on all four edge •• Find 
t~ ela.~ic-~l.stic resi~t~lce provided by ·he alab frOD 
Table '-7. 

aib .. 1 - aSpot<.~t 1..lt.10 

o ~. fa - "psa t Mpfb - KpSb ~ aMpsb (- aMp) 

R • !(l}(aM + aN ) + 12(aM • AM 'J a a p p p p 

R .. 48" lb-
11\ P " 1n (or N-ca/("n;) 

Evaluate "p with Eq. 8-53. 

Hp .. In.9) (O.OU ,40.000) (1)(5.7,))2 • 11.900 Ib (52.900 H) 

" .(48u..lJ_L~_~~L 11.0 psi \7.58 Hle",2) 
"' (19 x 1;.11-

{1'hlS va ae for the res~st..anc .. couhi h,Jve been found 
cL!'E'ct ly wl .. h £q. ~.I;S .... hich is also bl'sed <.Ipon the 
valuE' of "Ip tr.) .. r:q. 8-53.1 

Oet~rr,lnc tile r'ltural fr*-q"ency of the 
.1 .. b a!S .... ~s ~o,,~ a1><;:\;(, for the w,~~l section. 

:030 

-._ N"" 'r..., ""' ..... ~~ "":1:'(".~~ .... ,.~' ~.",,,,,,. 

~. 29.2M a 2 

Xl - E - arcrEi-- - 0.036M .2 lEI 1 p 

R - R 
X2 • Xl • ...!...~ 2 1 • O.UlMpA 2/El 

Rl 2 Kef - x 2 + Xl - a; x 2 - O.079Mpa lEI 

R 
kef • ~ ~ • 608EI/a

2 
~f 

M l!!-!-12)2{7.25l1!!~ c 81 , 1b-aec2/in (143 N-sec 2/cm) t • (1728) (lU) • 

E • 3.54 ~ 106 psi (2 •• 4 x 106 N/cm4 ) 

I - 13.12 i~4/in (546 emf/em) 

~ .. 0.67 

,. a 2r. (0.67) (8l.S) (19 X 12) _ .,. 0.063 sec [ 2 Jl12 
N (608) (3.54 x 106 )i13.12) 

No reflected pressure Wt)uld be expected 
on the roof f:-')JD • surface burst. FurU •. 'r, the dynamic 
presaure would cause ~ reduction in pressure on the roof 
due to lift (Cdr· -0.4 from ~ig. 7-8) for a surface 
burst. For a quick loo~ at the allowable peak dynamic 
load on tlw. roof due to .l surface turst, assume a Zt;~O 
ria. tiJae for the overprt-saure pu!. ... e .'!1nd neglect the 
lift due to the dyna~lc pressure. The rlse time of the 
roof loading (Fig. 1-12(c» becomes 

tr • L/U • 20/1400 = 0.014 sec 

Rm/Fo from Fig. 9-11(~) for tilTH ~ 0.014/0.063 C.22 a:ld 
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\.: .. ) 1s rc.uqhly 1.11. The peak allo-Jabl. dyn_ic 1".d 

ex. the. roof Hi thus FO '" l1.0/1.U .. '.J psi (6.43 :"/clR
2,. 

The tt.a of lRAxi~ response f~ Fiq. '-ll(b) lS ~m 

(5.5)(0.014, .. O.01~ aecond, which ia acme ti .. after 

the roof l~ has r...ached itr peak an.j ~un to decay. 

Consld.rino that the lift due to the ~yn .. ic pre.sure 

<" 0.4 11 1 • c.I psi - 0.55 toi/al
2 ) has been r.eq .. ect.e<i, 

the ~~ia1 coof tiectlon appears &.ti.fact~ry for a neak 

lncld.;.,nt overpressure of 1e psi (6.' N/c.2 ) froa. 5\11'

f'acw bur4t. 

c. ~ 

Select a tri·\l .ection 1n acc:o..-dance ,,"lth 

P<"'_r~raph '.7.1kl. Witt. Eq. 1-66. take PI • 11.0 psi .. 

.,. SI "/ea2 
(the resiatance provided by the roof slab). 

p. • Pc • 0.01, 'y as before, a • 2u feet (6.1 .). L s 19 

feet • S ••• \411owing for columna'. and fi~ 

2 '" .\l, ,,, 12-' (1 <> ---:-::212 )' , 3 . . ~w. ,-'- 111 ._" x 1" "00 - {260 300 } 
-- • {lO.S} (v.ol + 0.01/ i~~.6(\or '" ~.~ 1n , cw 

"01 b 0.1d, d & 28.4, say 28.5 inches (72.4 ca); b 20 

lroChes (50.8 CftIl: .nd t.ake t ... 31.0 l.n.:t..a (78.7 C1"'!) Tt.e 

r~.ist.anC~ provlded by ~he ~ri~:' section in tenrs of uni

f,ra loadir.g is {Table 9-4) 

"'pa • "pa - (0.9) CO 011 (40.000) nJ' (28.5)2 

S.,~ x 10
6 Ib-in 

:rq ... -~ J) 

(JL'H.1711 10
7 ) 6 

R.,. -----rr~\d .. \ - 410.000 It: U.82 x .. O N\ 

The tr ibu"aq' 1· ad ar .. ia one-fourth that ot the two

adjacent sl~b. ?lu. the qi:~or. 

A • (2) (1) (l9 It 12)2 -+ (19 x 12) (20) • )0,560 in2 (191,1.100 em2 ) 

1032 

,..~,,~' .... 'rl.~·'~"~'-"'_ .... </..~.,.. ~. \'~~;.~.?'P.'W -=~*r.' 

The reai stance providQd in term. of A un i t orin prcssure is 

Rill .. 410,000/30,5"0 "" 13.4 psi (9.l5 N/cm
2

) 

Determine the natura) perl~J of th~ girder. 

.. (0.5);2(')(20.5)3 115 • 5 '(0.01 •• 0.0B3J 

.. 31,900 i •. 4 (1. 33 x 106 cm4 , 

E '" 3.54 X 1,,6 psi (2.44 X lOb N/cw 2 ) 

kef" 307EI/Ll 

CEq. 6- 30) 

(T,~b1e 9-4) 

(20) (31) (19 l( 12) (145) '" 30.8 1b-sec2 /ln ('d.9 N-spc2/cm) 

'\ - (1128) (86) 

KLM .. 0.18 (1'abl€ 9-4) 

T .. 211 (0.78) ,30.8) (:~ x 17_)_ 
[ 

J ]1/2 

N {J07 1 (3.54 x 106 ) (31,900) 
0.018 sec ~Eq. 9-34) 

Adjust the period to make ailowarce fe>: t.he mass of slab 

I'IOVin4 with the girder by the f .. :;;\. .. .r (~~ '''It. l)ll? 

where H~ ! .. one-fo" t'~il tht' mass of tt-.e t", J adjacent sle.bs. 

TN .. C.018 (2~\ ~Q]1/2 :0 -' 
lO.~ 0.0215 sec 

The rise time for the load comlng on the 

girder is 0.014 s"cond as d~ternHned fur the roof. For

tr/TN'" C.014/0.0275 :. O.OSl and I-' =-- J, "/'t'o fr-om t'ly. 

9-11(a) is roughl~ 1.10. The allowable fa lor the girder

(i" tcr-mfl ot ..I unif:,;rlf.l~' distr\l>llted lOdd thus becomes 

13.4/1.10 " 12.2 pSI (8.· 0 N/cm 2 ) The "llowa.blt' ~ or 
o 

a girder supporting adjact'nt slab!' should be 0/\ thf' oedcl 

of )Ur-thlrds the expected uniformly dJstllbuted load 

to account for the aSSllm£d actual trianq';.,tr distributiun 

(paragraph 8.7.1\c»). On this bilS:S. F ,'1:, ..... dole - (0.75) 

(12.2) - 9.1 pSi (6.3 N!cm]l, which is ~(':'50n.:tblY close 
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.. 
to the PPM eapec:ted pressure .u:pe<.:tecS CD U. roof as 

~i.cu.-.d~. Call the 9irder Lat~.factory. 

d. ~ 

Tb~ discus.ion thus far ha. been in tenalS 

of ~ypical panel. a.sociated vl·h ~inal 20-foot (6.1 a) 

equare .adul •• _ FoT. 3 aultiple ~'y .tru~ture. interlor 

colwana 'ill .,.JWra 11)' .,. utiliaed. The.e taeabera are 

usually d.aiqnecl .. laat.~cally (~ - 1) a~ aay or .. y not 

be expected t:o r.aist !\ortaontAl l€'.ada. 

To obtAl.:.'l a trial sect.ior:. cc:1.id ..... the 

lo.ad tributary area to be one panel. -he coluan will 

carry a no.inal roof panel. tw:) qirderll fraa:'nq in. and 

~ ... exterior pr .. sure "n a rocf panel. T!. natural per

iod ot :! typical cO\Ulln in the v.artical .ade will De 110 

ahc>.-t that al.,at any ri .. t~ will cauee the dyn&.lllic 

~o.ad to appeal to be applied etat.lcally ,..- Fiq_ 9-l1ta} 

for .,rqer tr'T~)' Accordin9~Y. take 

~u - ~roof ~ 2Wgirder + (Peo - O.4~) x Aroof 

" .... PO x 12)2(~.25;.1.~ 
roo! l7 i 35.100 

" _ (2) (20 x 12}~L1IL_- 7.25) ;145) • 19 '00 
glrdert .72.---- ,-

Proof - flO - (0.4, (2)) ~10 x 12)2 - 530,000 

~u - S' •• 20~ lbs \'.' • 10' M: 

~aAe P
t 

r O.l2, j/t • 0 8S. el/t % \ 10 and ~o to Fig_ 

8-;v(bl. 

P ili· (C, O:'.: ;,!0..t.9.£..'U. 0 ~5' 
t O. ':',) 13750) • ...... 
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With the 9iv~n value., read 

r - 0.8 - Pu/btf~ 

Set b - t (square column) and B01ve for t. 

1/2 

[ 
584,200 _] • 14 in (l~ 6 em) 

t· (0.8) (37501 

(The aaJDe resul t ean be achil~ved by &,,: v iJ19 c he expre"l

aiun for r' ,. o. OS. ) It 1.-inch squal e COl ... ~"l, t 'len. 

would b<' satisfactory for t:h(! qiven con<' ltions. It may 

be '-.und desirable or convenient to c .. ..lQse the column 

-iiaansions the l!aJDe as the ','idth of .:he girders framing 

in (20 inchell iSO.S em, in this -<'lOe). If so, tile sec

tion could be rec~lcu)-ted with some savings in steel. 

e. Other Conside,:~ ions 

Precedin GraJr~phs tJve summarized pre-

liainarl'" investiqation 'Jt principal elemelits comprit'ing 

t"pical abov,-"yr'lund reetl'lngular structll!"CS.. It wi 11 

ha',e been noted thc.t the elenwt.ts have alJ oecn prc.'por

tit)ned on the ba",is of flexur;l strer'lth. ThiS is gen

era!ly adequate up to this pc'nt since protective con

struction d<:.siqn methods and rrocedures (and those 1n 

~cnvpntio~Al practice. as well) ~rc strongly oriented 

toward a.surinq duclile behavior. Bending-axial fOl'Ct' 

interaction has bet!'n introduced somewhat. in(ii rectiy only 

in selection CI a trial column ~ection. 

If the study obJect.ive was only t.o get a 

feel for the structural reyul. n'_nts for quick o:'0mpara

tive purposes, t~e designer or analyst wo lId be '1.001): 

ready at this pol.l"\:. to move on to the next concept, 

threat apectrum, etc., excE.pt tor consideratit·n (I' radi

ation. In ... ·estigatiol of the incident radiation ",nviron

ment a. per F4ragraph 6.8.1 fcr the given threat would 

reve"l negligible radiati->n e"f~ts on structural strenyth. 
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(S ,lftilar r~sults would be C'..-nd (ur 9ro"OO shock, crater 

eje~ta and .I.siles.) De~ndln9 upon what was to be 

:',0;;'Sed in tho' fAt"' lity, ho .... ever, C.1diation rhi",l ... i::q 

n~qulr~nts c.sn cast. the probl ... in an entirely dlf· 

feu'nt light 0 F'r exaMple, 1 t it vere rc,f'.llred th.lt 

the tacill t/ protect personnel fro. residual r."hat ion, 

.. nvestlqat .lon OF t.he shielding r.quir~nt:l aa per p.1ra

graph 6.8.3 youl~ indirate required concr~~. thicknesses 

of about 20 IT.ches (SO CII) rather than the nor.; nal 7 

lnche5 :18 c.~ required (or structural &trenqth. 

If the stoo} ",bjec'~ive was to produce an 

actu.al faclllty de!liqn, tho<' proce:::s has only t-u'ely be

<)UP. Tt trial sections selected have ~n Oft th~ basis 

of s:n91e mo~ul€s .nd ~nterior ~cctions at th.t. A 

t ralllin<.: pla.n hi'!'; to be chosen lntegrat ing the lIIOdu les 

1n • $tru,·tto[al cndty. ~s l.he individual' elements 

are .as ... Mhl.-d. thfo> a:.:!'.1~ tr • .:l dl"'it.ions chang\:! ~c;r.e

what. r~ulrLnq reana1)sis. During this lt~ration, one 

woulu beg. n to cc 'Blder foundat lon requlrements (itSsumptlon 

of a mat f:')u.'dat_-,n e-qual to H.> roof IS usually ~utfi

Clent: ':it'rd:-;: the lnltial l!.~1I; <!yr. .. nu.c reactions and 

shear Capil{"lty of the e1err>er.ta would be investiqa~ed: 

areas ... 'f pl'~)bable larqe ."-131 fvIce 10" :!d be invest ig~ed 

for possible effect cn the mourent cap:o-:ity of • Ie !T····mber; 

and thf! part played by th<o ExterlO. .41.& in ~A:-= 

h'::HJ.7on'al i;;..ads by shear wall .:Ictio .• )uld be co' "'ere(~. 

The structure WOuld ~ reasonably c~~lctely defined at 

the c-xl of t.i.1S phase. 

The next itC-T.:lt:10.1 ~uJ'" beqin to onsid(,T 

the elfC\:ts 'j! structure DOtlons and would emplc" m;,re 

T..:!i.ned an,~litlcal techill<ltJeS as warrant('J (the '55 

has becOt;:~· O'ie almost. compi tely of analYSis at: 

st~~e). The Ftlucture 1S suffiCiently well defl~p~ by 

no1lo IC t.hat rilt lonal aSS<lr:-.pt ions ~:lIn be II\.lde as L: the 
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probable dominant lIIOde. of response. If equipment or 
?ei:sonnel within the 4tructure require plotect:ion from 

t~ motion envLronment, estimates of the ~robable re

sponse of the il>claticn Sj .... ;:. .... Uppul t :,<)l.n\.B cttn bagin 

to be made and suit,;tle ibulation syatef:! .;>arameters 

selected. -he elfecdi of foundation JaOt ions combined 

with th~ airblaat loading would be ~ons~dered (aee, 

e.g., paragraph 9.8.3). The direction of the proce ... 

from this point forward wll1 ordinarily be governed by 

the results of pre~eding step:'! and the primary objectives 

c:.C the effort. Typically. following st.;ges consist of 

r~vi&ion and ~eanalysi8 until the desi~ner or analyst 

h~8 satisfied him~elf that dll pertinent wea~Jn effectD 

and realistic poR8ib .. ll~ies have been consid~rcd dnd 

suitable provisions made therefer. 

f. Summary 

Ty~ical Rituations encountered .. n the 

desiqn and 'nalv~is of aboveqrcund rectar,ular structures 

have been sUI,;ma"iz~.j a,d brieflv illustr .. ced a.bove. In 

a broad sense, th~ ~rimarv consl.deraticds addr~t'se.J above 

ate applicable in qeneral to all tvpes of l.llvtective 

facilities. 

It wlll have been ob5erv"d that aboveqround 

structurf; rOQ ... irements in the threat ran',e cons tdered are 

oven./helmingly dictl'te<:i by radiation &ill €ldlng l·eqUl.Cementb 

if personnel or I>ensi+-.ive equipm"!nt an' :nvo\vec.. i.to .• a 

fact.or of 3 10 thickness :equired. In ~,.'dltlO/l, .. ~,,,, .. E'vere 

loads imparted by re-fl.?cted an ... dynamlc pH .• s':ces on objects 

which project up into the air~last wave ~hovld have been 

notH:ed (e.g., pea:. load!'. on tl:e exterIor wall as opposed 

to the roof) Fir.ally. tn.~ int~rpl.)y bet.wee!1 trEJo·field 

ef'"ects, structu;c 9'Corwt r] <1nd inte':-3ctlon ,11th the fl'ee

field dnvironment an·, the res·..Ilt .. ng efff,,:t (n c;tructural 

response (":'l:-h 1S COfclll,on t<.' all ty~)es of protecti"e fa

ci'ities) should have begun to become dp,areilt. 
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11.2.2 ~~ ~ 

Arch •• are ~t .ore efficient in 10&4-

CAn ~'i.nq capabi 1 H:Y than rectanqu:u' .tructure. a. has ~n 

-.&r,l1onea pr~vl.ou.l'!. Thul can be att.ribut.ed to qeo.etry. 

both f01" rore e~ __ icl.eflt respon.e and for present;nq Ie •• re

al'stance to au:: tlJIV th.an rectangular .tl ~cture.. The pre

"ed lflq ~~at'jment" Ippl ietS to airbla.t 10.\0in9 perperdicular 

to the lor.qltoolnal axis uf the arch: vertlcal er.dwa11., if 

Pl v." lded. "111 be .w,ject.-.i to the sa .. type )();IJdi~ as :x

teri~r walla ~f rect.anqular .tr~tuc ••• 

To i11uatr.te sa.e of the principl •• Anvolved 
in arch response let it be desired ~~ aake .. ~lck eat~t. 

ot the capability of .. qiven aboveqrou~ arch structure to 

V1t~St.~ the environae~~ .a5OCl.'ted with t~ 35 p.i (2 •• 1 

M:cm2, inclde~t peak overpressure con~our fra- a 2kT (8.4 x 

10· 1J. surtace burat. T~ pertlnent parameterJ for tb& ~rcb 
ahell are Icefer to Fiq. l-lO): 

~It .. SO tt (lS.l ~) fdc - 5375 psi (1110 N/ca1 ) 

t 20 in {SO., (31) f..;,y -a 50,000 psi (34. SOO M/ca2, 

d - ~8 11': {4~. 7 CIft) • .. w/3 

I- - O.Ol (both Car",) v c - I~O lb/ft
l 

(0',02. M/cal ) 

Pt '" 0.v1i 402 lo·/in ('6,130 ~4/ca) 

B a 86.6 ft {2b.4 ml 

I::c '" ,l."Cf lI. 10" pal (2.75 x 106 
M/CIII2) 

ill"\qed ends 

a. ~lt;l~st Loadin') !~~~tet:.!. 

Deter-uoe r'!quin.'<i free-field para..tel'S 
frOlf S~,·tlon III. f"rOlll F1g. 3-5. 

lMT; • 11.0 pSi-sec /7.58 N-sec/~=) 
to • 1. 1 sec 

1038 

. -

1.~~ ~"'~" .';<)"';". #;,'.~ .;,.: ~·~,:··".;'~·~·w,'1-1if;~ 

WJ.tb Sq. 3-2. 
- l'} 

ll.ol~]· - l.lli ;- --~e:. (0. 96 N-"lilec/~2) 2kTi i 

[
0 002]1/3 

to • 1.1 ~- - 0.139 .f',,~ 

'I'he .hock fIon· ve 10':: i t.y. U. frCllll t'l'!j" "}-11 is 195C fps 

(59' .-pa), and tOle pe .. ~ dyn&l1li", c. <.;i<" .r>!" '-l • :~ 20 psi 
~ 0 

(lJ.I N/ca~) froa Fiq. 3-18. 

aefer nOlll to Fi9. 7-'". 

- 8/V - 86.6i19~0 - 0.044 ,,'-C 

tr - U - ~/w) T • 0.030 .ec ;~~~:'I' .L"~~·81.0n) 

tr - t/2 ~ O.~22 sec (fl~xur~l) 

Pc • P ao - 35 pai (24.1 N/~~2) 

b. Aroh COlllpre.6.i.rj~.J~od.t:. 

~he c~~re~aion ~,e natULal frequency can 

be found ~ith Eq. 9-181. 

(2c"i,PL(l) (150) .... 0.0045 Ib-sec2/il' J 10.OC12!'i-liIec2 /c11"3) 
, ,h"j86) 

Wc 
6 ,112 

(,.97[(3.99 x \0 ) (20) (1) , .. 21:; rad/sec 
~ 0.0045 j 

'I'c • 2~/w • 0.029 5~C 

T~ reaistance required in the compression mode for 

tr'Tc • 0.030/0.029 ~ 1.0 .rom Fig. 9-11(a) with ~ c 1 

i. ~ : 1.10F
o

' or about 38.5 pai ,'6.5 N/cro2 ). The 

reai.t~nce provided in ~be compression mode c~n ~~ ~a

t:ilUte4 vit~ ::;;S. o-~7 t.lIkill~ ~ ... x !rc."n Eq. 8-17. 

P Drovided • (0.85) (5375\ + (0.018) (50fOO~») (70) 
c- 600--

• 182 psi (125 N/cre2 ) 

l(..)9 

~~i~:'~~ 

,.11"", 
"",#" 

-' 
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'.l'be &reb .. :::t10a thus appears <l"ite lldequate 1n tM coa

pro •• iOft -.01. on t.he ba.i. of .l.rel'9th. Even for" zero 

. 1" t.i~. I.he required reniatanc.. for elaatic r •• ponse 

~ld be only twice the applied pe"k pr ••• ure. or 7C psi 

;,.8.3 N/ca2 ,. 

Chl!Ck U)e aection foe bucklill9 with Eq. 

l-lOO (bin9ed ends) Foc an llOOw*9rOUnd arch. 

, .. 'tu." x l06) (40;l)1((l)2 -1] • )9.6 pai (27.~ N/CIll2 ) 
(p eel J ( 6 0' ) 1 ] 

Th. pt:x·fonlAnce of the .. et.ion in Uw- cOIIlpre.aion .ode. 

t.~.n, i. COI1t.rolled .ore by (ltability than by IiItren<]th. 

c. Arch Flex ... ral. !.~ 

EaLi .. t.. the natural frequency o~ the 

~Jch ift the first antia~t.rlcal flexural .ade ~ith 

Eq. 9-112. 

eo • 2. 

S • 2tR • (2) (w/3) (60) - 1256 in :1190 em) 

It • 1 

p.raAet.er ii - 2 

c2 • 
N 

0
2 

4 2" 3\· ~~~.-
( 21</3) '+3.,..-

eM • )().4 

a 922 

ma •• a • O.OO~S Ib-.e~2/in) (0.0012 N_aec2/cm 3 , 

(9-183) 

... _ -1.£.:.4 (J1..." x 106 ) «o.~)]ll2 
f (1256)2 --0-.(.0.-5--- • 11.S rad/sec 

Tf • 2~/,*, • 0.S46 aec 

10<0 

The resistance requir~ in the flexural mode for tr/T
f 

C 

0.022/0.546 ~ 0.~04 la off the response chart ~f F~g. 

9-11{a). Estimate the required resistanc< wIth Eq. 11-2 

with", - 3 And the weapon overpresflure imr,iJSe. 

R. required C (1.39) (11. S) ~-=-=-;- .. 7.1 psi (4.9 N/Cnl
2

) 

The resistance provided can b~ estimated 

with Eq. a-S8 with "max from Eq. 8-53 (i = 3) 

.-led (8) (0.9) (O.c.l~OOO) ()8)2[(J)i - 1] 
Pf pr.OV1"' 1(11/3) (600;)2- ... - ---oJ2-

.. 2.64 p$i (L82 N/cn12 ) 

On the basis of the preceeing, then, Lhe SE·\~tion is lik.e

ly to s~ffer distless in th(;' flexu~aL ['1Ode (resistance 

required a 7.1 psi vs. 2.64 pbi resistancf r-nJ,,'·ied). 

Re801vil.,J Eq. 11-2 whh Rm ... 2.b1 pbi \r.dlc3~PS inelas

tic action lIiOuld occur to t.he extent ot .; equal to 18 

or 19. 

d. Radiation Effects 

The first step in evaluatirq radiation ef

fects on the arch and its contentb is to detlne the fre~

field environment. From Fig. 3-14, 3 PSl '14.1 N/cm2 ) 

peak overpressure will occur at 550 ft (16B m) ground 

range from a IkT (4.184 x l012j) surface rufSt. USlnq 

Eq. 3-1, the correspoooinn rang'" tor a 2kT lll.4 x 1012 ) 

aurface burst is 

'»)1/3 
R .. {i (550) '" b92 ft (211 n) 

The inl.tia1 qamm", :iosf' i~ fc'unc [,.,)m Lq. 6-1. 

11. [1 + 6(0'~o~r2]I[L , 0.03(Q..?Q2;: • o.oo~(~·~)3] 
• 1 

104J 
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f-:.oo21 2 
~ • 1070 + l.~L-Y-J 

~ 1070 ft (126 ft) 

It is ~et~ feu. t~e above that ..all yield ~aponp hav~ 

H.ttle lnfhcence on t.h.: ?arametera ,l a,1d ~. The initial 

9amma Jos~ l~ (for a flasion yield of 2kT. i.e •• f • 1.Ol 

o 
) 

21 .. x 
" l' . - \ 

l~ ~(I).002)( 1 \2'j [(1.1)(692)(' 1 \11 
10 (1.0) O} ~ '--,- 692 i exp - 1 1 fmlJl 

~ 18.67 x 10 •• -0.711 

~ 9.16 x :04 roentgens 

Note t;)&t the i:lit.a: qalt'llUl do.e has been reduccl by a 

factor of ~!3 t" account for the effect of • small )' .. eld 

surfaC'e :,urst ... ld the ~;,"naity o! ai!' .... ken ~qual to l.l<}8 
;:>er :lter. 

The !ilt.e<;ICE.ted neutron flux i~ obtained fr:>m 

Eq. (-2. 

n 
'2

r
O 00"'( 1 ~2 [ (f92'(1 1)1 ] 2 x 10' t-~-~j mJ exp - -)-, -i-- ,780 

~ P.35 x 1013 e-O• 976 

3.15 x 1013 n/c1ll2 ~ 7.a7 x 104 r.d 

The X ray pao':...:.n energy s~.:trwa of the wea

pon su~t L~ known in crder ~0 estimate the X ~adi.tion en

viron~nt. ~~ the arch. Since the en~rqy .pectr~ i. unspeci

"! ied. a peak v .. l .... of lHe r is .... ur"!d for c.lcul.tion .. l pur

poses. I\t this phot.on .... lergy level. Fig. 6-3 shows "he mass 

absOrptlor: co~fficlt':1t for both COf>c-rete and air to be equ'll 
) 

to 0.Ob3 ,-'n-/,:m. 

y 
r 0,"' :0.00.2.' O.0012MT 

ar.d the )( "'i,.iatlOr. intensity at the arch is obt.lined from 
Eq. 6-5. 

1042 

It - • X lol[~](drrtexp[-(4ll)(¥)(!i) x 10
5
] 

~ 216.6 e-1462 0 

.. 0 

A$ may be Been. ~he X radiation is inaignificdnt at the 10-

c.tion of the arch. 

Prediction of LMP field strength requires 

refe=ence to classified aourceJ. For calculational pur

poses herein, a peak intensity of 50,000 vo1.ts/meter is 

•• suaed. 

The integrated th~.rmal flux is obt.31ned frOID 

Eq. 6-10 uainq a transmission factor of 1. 

0- 1.8 x l04(1)[O.~0~][l::~]2 
• 75 cal/cm2 (315j/cm2 ) 

Residual gamma radiation at th~ ;d~ge of the 

arch miqht be very hiyh because of it.'i close proxlmity to 

9round ero. Fallout will begin very early, so th~ decay 

of fission products will be much less than that at gteater 

ground ranges. Wind direction will be a signifi(,.lnt factor 

and cOl:ld drastically alter the total iose. Since the 692 

ft (211 DI) range scaled to 1 MT is onl~ 

{ I )1/3 
R - 692 v.002 - 5480 {t (l61u m) 

FiguT~ 6-11 ~annot be us~ to ~stimate the unit-tlme refer

ence dose rate. A maAl~um value of 10,OuO r/hr 15 s~1ected 

aa the • .mit-time refere.lce dose rate. From Fig. 6-13, the 

dose rate 10 hours later '.5 st111 

D~se Rate a 0.064(10,000) a 640 r/hr 

.nd the total dose of l~diation accumulated over d 24 hr 

per~od is obtained from Fig. 6-14 as 
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n..) ..... '.7:x I-br rei. do ... · - '7,000 r 

'l'b1. 1. t.be t.otal do .. accuaulated by an expoaecl, unpro

t.ectea it_ or ne'::lV)I\. 

Except for X radiat.i.on. all of ~na above ra

.!~ .tH'!.' envirc-nments revr •• ent siqnif1cUlt threats to \.l,.t>ro

t.ect.M1 ~·aonu .. !. "'r equi~t. A rouq:. appre».iaat.ion 01: tM 

weUiDCJ affect: "ene.s of tbe co,..,;reo;~ arch call be obtained 

~y neglecttDq ~ .ffect of ~ radiatlcn aourca and ar~~ 

9~t.ry. 

f'r.a. Fiej. 6-1S. ".he doee t.rar,_l •• ion fActor 

for 20 in (50.8 ~) of cnncrete is 0.075 for init.ial <JAmma. 

Thi. ~ld reduc. the initial ~ .... dose inside the arch to 

Dose • 0.075 1'1.16 x 10·) - 6,87~ r (stUl a lethal dost>' 

'I'lle '0 inches (50.8 cal of concrete 1. a IDOre 

eff.ct tve abie: d for t.il"! lo~r el,er9" residual 9....... t ra

Fi9. 15--:6, the <.10_ t.n.n_i •• ion factor i. 0.0028. Thu 

would red\lCf" t.he 2C hr aco: DDUlated dose within th& arch to 

Oose - O.~0~8(87,000. • 24C r 

The tenth-value thickne •• of concrete for 

n~v~~on .hi.14in~ i. ~~roxt.ately 10 in (25.4 cal. Thus. 

20 ir (50.' cal f concre~. viII attenuAte tl~ incident do~ 

LlY a .. actor of 100. 'I'M hel,tron dose in.ide the Arch would 

be 

OO.e. 0.01(7.87 x 1~4) - 787 rad 

'.'~. 20 in (50. q -:;r,;) of concre~ .• will prc,'lide 
2 . 

~le~e .blel~in9 frca 15 cal/em of ther.al radiation. 

In or']or to evaluat .. the arch .a .n EMP 

ahield, eoae a.5ur~tiona auat be .. ~e. It i~ aaaumed tha~ 

the reinforcing steel is welded at 411 joints ~nd inte~~ec

tiona and that. all openinq8 are designed to aV'lid degradA

tion of the effectivene.s of the .'~h .s an EhP shield. 

Let ~he lenqth of the arch be 125 ft (31.1 .,. 
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The ASpect rAtLo of the arch is 

! _ 2!i.O 
B 16.6- 0.29 

It.. cr~.8 section areA is approximately 

2 
A. 120(3.:~~)(50) 86.6(25) .. 1')35 tt 2 <l42.6 m2 ) 

An equivalent rectAngular structure would be 

72.8 ft (22.18 1ft) wide 

21.1 ft (6.43 m) hic;,h 

The length of 125 ft (38.1 m) wo\lld be the Sd!7\€ for both the 

act.lUl and ··.he equivalent rectangular struct.u,:,,(>. 

The total circumL!rential steel ratio Pt -

0.018 trAnslAtes into 2.16 in2/ft (0.457 cI1l 2 /cm) of reinforc

ing 1n eac'l face of the Arch shell. It is assumed '·hat. a 

ainulUla steel k:'Atio of 0.0025 is pro .... ided in t. .. le longit.udinal 

direction. This·translates into 0.6 in2/ft (O.l27 cm2/cm) 

in the lonqitudinal direction. The lrn~ltudlnal steel re

quirement could be satisfied by ,7 heirs at 12 u: (30.48 Clll) 

spacing. The circ~ferential req~lrement could be ~~ttsf~ed 

by ,j bars at 5.S in (13.97 cml spacing in each face. 'i!->e 

different spacing AoJ rot' sizes in the two dIrections pro

hibits direct applic~tion of f1g. 6-17 and 6-19 fer evalu

Ating shield effer:ti.·eness. A conservativl" .'stimdte of the 

~.ttenuat':('.r. will be obta i '1ed by assur .. ing a L' In x 12 1n 

(30.C3 em x 30.48 em) mE'sh of .7 N.iTS. From FIg. 6-17 uSlng 

ti-e J ., 60 f (18.3 my curve, t.he attenuat lon for a 14 i.n 

(35.56 em) spacing of I14S bars is about 2S."dn. From Fl·:,}. 

6-19, a 12 in x 12 in (30.48 C1\ x 30.48 em) spacIng pI' " 

bars results in An attenuation ~ecrease of ,It'· .• l 1. 2dB. 

The net attenuation is 

Attenuation ~ 25.5 - 1.2 ~ 24.30B 

A S.S in x ~.S in (13.97 cm x 11.97 em) spdclng uf ,7 bar~ 

1045 
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waul' Blcr .... t.be attenuation by l1~a. aD4 the t~a1 would 

be 

~ttenuatioA - ~5.:; + 11 - 36. SdB 

~~e FMP .hl.ldi~ provided by the given .~ructur •• t.ben. 

~::-ob&bly Le. soe_hen~ between :-1 .. nd ')W8. AceorcSin9 to 

Flq. \)-25, a4<!ltional shieldifl<J would be n-=: •• suy if IMP

;;..ensltlve equlpei1'n~ were to be housed in the .. reh. 

1l.2. ~ ~.! 

Domes can be one of the .oat effic'ent .tcuc
tunsl aMiit's in ter .. of l".d-carrying cap.1lDiHty. l:'or coa

pax-au.'". ~urposes, a prell.lurwu:y &eCt'.ion for _ reinfol·c .. -d con

clete d~ to ~eS1.t the airbl.at loading qiven in the pre

ce-.iln} paraqra~.n for tbt: u'ch will De investi9ated (i.e •• 35 

PSl (24.1 N/CJl,.2. tra. a 2 .... T (6.4 x lOllj) surfac", bur.t). 

Assuae the fr\iOWlDg values for the doae. 

R • SO ft (15.2 al 

Bc • 1.99 x 106 ps~ (2.75 x 106 N/cm2 , 

fde • 5375 psi (3710 N/cm2
1 

fay· 50,000 ~.i ~34 500 N/e.2 ) 

~ ::It 'W / ...; 

We .. HO lb· ft 1 (0.1.124 H/C.3 ; 

a • 86.6 ft (26.4 m) 

The airblast load~n~ parAmeter •• re es.entially 

t' 01 aa.&lle a..l tl.ose detera'l1nt;d .in the preceding pala~raph for 

he Arch, i.e., (refer to Fig. 7-21) 

U .. 1950 ~p. {594 Il.t-'S I 

.. dIU • 86.6/1950 • 0.044 sec 
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tr - 0.030 ace (cOlllPre •• l.on) 

tr - 0.0:2 sec (flexural' 

35 p.i (24.1 N/cm2) Pc 

Baaed on the .,l')pe of the tangent to the dO«llll 

at the apringl1ne, the reflec~~on factor fr~. Fig. 7-4 1. 
about 3 tor ~ & 30· and •• 0 • 35 psi. Pi. for tne 1~O· d?me, 

then. ~ld be ab?ut 105/.in6~· • 121 p.i (83.6 ~/~£: T'~ 

peak valu3 of t~ ora9 componollt, P
cha

' i. only abo,' 0.8 t;~i 

(0.6 N/etr.2 ) and is so ... 11 "l.t~ resrect to Pia that thi& 

loadin9 coaponent can be neglected. 

F.om Eq. 8-102. t~ thrust per unit width due 

te> the unifora cOlDpre·tsion 10f!d ,'-:-ncnenf' i. 

p.R 
Ta - Te - ~r .35 (~OOl 

~ 10,500 Ib/in (18,375 N/cm2 ) 

The aaxil1lUIII thrust; due to t.he flexural cc-.pol'lent is given by 

Eqa. 8-103 and 8-104. 

.... T 121(600) [.2 .. O.5At!. - 0.5' (0.5)] 
x a r 3 - (1 # .5) (o.~rr----

.. 11,640 Ib/i. (20.370 N/(;.a' 

M T 121(600) IV + \~) « ... 5) ~. (2) {O.S):2] il - O!..lll 
ax e" 3 I (i + 0.5) (0.866) 

- 51,230 1b/ih (89,650 N/CT"-, 

'I't.ting p - l. f)02!' in edch direetio~, in each facu of the dome 

.hell, Sq. 8-17 can ~ WC~LLen 

T 
h I&llX 

• T~+ pt
f

y7 

10,500 
h s (0.85) (537S) + O.oo~JOT 

• 2.2 in (!'.6 ca) (coClprt;saion) 

lu7 

, "~~::"'d;«:~'tf,'9~'<:~~ 

C ) 
'W!ft, " 

\ ..... .,./ 
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n,")O 
b • o.TfC5'" 3 .... ' ... 5,.,...) "'"'+ ..... 0';. T~OrlS,.,(,..,.5TO-:, o:nio .... O· f 

• 10.6 in (26.9 a.) ,flexure) 

The total thickne •• required for both ~nent. ia 

~.l + 10.6 • 14.1 aa, 1~.0 in (11.0 cal 

'I'he bu:kUnq atr"ftCJth i. CJiven by Eq. '-111 

UaLn9 • rdductioa factor Jf 2/3. 

2 fl. u c i,ll 2[1.2 (3. It x 10', (13) 2] 
Pcr - ll-ar-J · j (600)2 

• 1491 p.i (1032 N/cm2 ) 

'the nat'lral frequarcy of the da.e ia 9iven toy 
1Iq. 9-192. 

ilt.4re 

ISO Ib-sec2 , 2, 
p • 1728{116' - 0.OOe22 ~ ,0.000_9 N-sec lea. 

'I'aJt1nq v • 0.1, )' 

,-- ~(3.99 x 10
6

) .. 335 r&d/sec ~. ,- 2 
. 10.00022(1 - i).1) (600) 

2_ 6.28. ~ Jlt .~c 
TlIl • ~ .. ~ u. 

t 

As.ume t
o :~r and use Fiq. 9-12. 

iifq • 3.2 fo:- un',-- .. ra coapr".sion Ivad 
N 

;: • 2.3 for flexurel component 

• 
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ira. Pi9 •• -12 •• umin~ a ductility ratio of 1.5, 

R 
,...!! . 0.97 for c<. ... pn-.•• iOI. 

o 

~~ = 0.89 for flexul~ 
a 

Sinc .. R./Fo .. 1 was aaaw..ed for th~ lnio::.1 Ii_ZlrW ot the 

ahell thicJtne .. s, it is 51 igh' ly overdt:sigr.ed. He-wever, '.n 

y;ev of the increase in R./F 0 with lncceasing tOi"~'N sho'.m in 

"iCJ. 9-12 .and t!le approxilllCition ()f ~~ ~ actual lO.Ad '",nction 

•• a ay.etric trianqular pulse, the ~rlal thlckneds Will 

not bot! redIJ.:e-d . 

Check the shear stn~ngth of the she i1 at the 

aprinqline. The "hear capacity is given by Eq. {;··32. 

Vue" bd[1.tf~ + 2500pd"'/M'J 

Sin::e it is .. 1I£umeo that bending hlOmcnt5 in the sh,'] 1 ar"" 

small, take 

V' 
H' d .. 1.0 

Aiso & •• uJat! d .. O.8Sh .. 0.85(13.0) ,. 11.1 in (2::1..' cnl). 'T'hen. 

the shear I'esi:>t&nce proviue-l is 

.... ,. 1l.l(l)11.9/sTfS. 2~00(0.0025)(1'i 
lOC 

.. 11.1~139 • 6.25J 

.. 1612 Ib/in (2821 Nl::::m; 

'I'he Alaximu'" shear fvrce is 9~ven by E'i. 8-11)'5. 

....... "" ~ .. ~ .. .,;;~,r.<.~ "'''''.~'_''''''''4-- .... r .• 

121 (6:)0) [(4! • O. ~(L-:- _..Q..:.ll] 
Max T'It} so --)-- --rr-;'-o, 5) (0.366) 

.. 23.280 Ibl>.'in (40,140 N/cm) 
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~f~4\'!I!lb:Pt",,')0:·':"':,~.\<!l"X·':~_"'._" ..... '. ~~""''l'"~~""",,,,,,,,_" 

lince the sht:6r inq fore- exce~ ... HtC:! shear 

capa. ity, shear "'cintorclnq m .... t be added to ch4' .cction. 

The excess shear .~ 

V 2 2],280 - 16ll = 21.6~8 lbs (~5,;00 N, 
us 

from Eq. 8- ~b. the reqult eo ,rea <'t shear relnforcinq ill 

, ~ ~_u.! " _ .. 2.' !-6~_ 
. v diy 11,1\5~.COO) 

0.039 in 2 /1n !J.099 cm2/c,' 

" 0.461 in2/tt (16 @ l~ in ,",'Quid give 0.44 in2/ft.) 

As may be seen, lhe~. a dome with abCut a 

I3-loch (3] ca) shell 1011]1 provide about the same b1dst re

L>stance ,1.5 a 20-inch (50. J ::a) arch shell for the threat 

ccnditlon lnvest:qatt;cd. -'.i lS frequen+: 1 ; fourd to be th., 

cas ... wi th aboveqround .;itn .• ct;.Jrl"s. r.:Jlat i,;m ;shielding re

qUlre>fl'ents r,ltl1er than blust. 'e~i~" .. nce could control the 

H'-;:U1Tt::,1 shell thh,knE.iS In this p.art •. cular inst "ne.'!. 

11. 3 SHA LL,~" BUR 4 ED STRllCTURES 

Shali0~ bUrled structules dS a class can be deslqned to 

W1.t!,Sl"oll'.:' mn·-h more severe incident nuclear weapon effect 

enVlrOI.l'llcr.ts than can at;y;~ground structures. This is due 

lao "ely to h"::ln« loc.:>teci out r-f the dirc·ct "l-'llast wave and 

the a\'olda,K'" of the reflected and dynar..lc pr ... ~sure loads. 

ConseqUe .. tly, lot w1l1 ~ 'ound that the dt'~lgn threat plac~s 

t.he 5h.31101ol b~rled structure c(.m,nd~T;"':::ly clcse~' to the point 

of detnnatio~. ThIS results in hjgher ll~ident ovprpress~r~~. 

More ~ vere Jre.. md shock and Cl'ater efl.ecta.. and greater radi~ 

at 10(1 .nte!1S~ t les than we. ! f0UnO. for abov£'q't:'ound structures. 

A.nother dl'ference that .... 1'1 ;.,e found IS that the tiurroundin9 

SOlI C-'ln len": SOllie addl t i."mal strength to the b~ried st.·uc

ture .u.d .. :- c'ctlin .:ondl"lo,",S. The ~rli'\ary differences between 

iOSO 

""," '_:(> .,:i:; ....... ,./; ~..;'W't..'!im:.;~ .~~ ,:"-.. ~,.,;.(\., .. ''ltI;; •. 

above<jrc.ard t.nd bur i~c.' tltructures are that U .. natur~ of the 

loads will be different .mo that the respol'se of t~e :'.ur ied 

atructuce ,,~11 be diff'erent duO' to its interaction ,'i ~~h the 

aurr~undin~ aoil ~~iU&. 

11.3.1 Rec~anou\lr Structures 

A.sume that a certain f~cilitj must be located 

ao that it wil: be subjected to 100 psi (68. Q N/cm
2

} peak 

overpressure f[.:1 a 1 ~T (4.2 x 1015 j) sur-face b' .. p·st.. It 

~a. bec~ decj~ed to place the facility underground so that 

'Ju. r\nicUJII depth of co.rer over any portion of the s~ nJcture 

i. ~ fuet (2.44 m}. Functional requiremen~s of the facility 

requirl ~hat the stru~t~~e be Approx~ately 20 feet by 20 feet 

(6.1~ x 6.1.) in plan diaen~ion.. The facility will be con

structed at a site where the soil is a dry ... 'luvinp. 'these 

unit weight l._~ llS pet (~8,0"S N/m3 ) am': the coefficlcnt of 

Lateral c~rth pressure is 0.5. 

for purposes of design, a8SUW~ the follOWing 

IDateria1 F .·operties 

fdc .. 5375 ~s; (3706 N/cm
2

) 

f
dy 

50,000 ps~ (34,474 N/cm
2 ) 

E = J.99 x 106 ps';' {~. 75 . 10c N/cm2, 
c 

OnlY the root ~f the struct~~e will te con

aidered fo~ thiS example. In order to obt3in ~ trict~ se~

tion, it is assumed ~hat there is no attenuativn 01 n~dlf.

catior: of the pressure wave actiT'lq on the ground sur'ace as 

it is transmitted U.-ou,]h the 80.11 to t'e roof of the st..ruc

ture. From Fig. 3-10, the duratiof'.; of the 'i!ffecti .. e trian-

9u11u r£?resentations of the 100 psi (~8.9 N/cm:':) O',lerpres

SUt )-ti11l"! c,'rves are 

t .. 0.12 ~ec 
00 

tso .. '1.22 sec 
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'!'he rool alab can be treated a. a llqUare two

way alab f1.ced ~t .\11 four edge.. It i. alao a •• ~ that 

~ ultt.&te ~nt capacity at lbe center of the .la~ and 

~t. ~~t. 1a equal in both direction.. Froa Eq. 8-S6, 

tbe r~iIed ultiaate ~nt capacity ia 

It -8C 
_ o.Y12F~]2 

Yl4 

'or the aa~ .lab ~try and ratio. of .aaent capacities, 

CI - 1 • Yc 

T12 - Yl4 - ~I! 

If a dynaaic loed factor (DLFI of 1 i. a.suaed tor the first 

trial. 

v - P80 = 100 pai (68.9 N/c~2, 

SUb.ti~utiR9 in Eq. ~-S6, 

K • .... 100(1)2(20 x 12)2 [~r;+ 1(-'11 (2'/2'»)2 _ 1 (]/2'I/IY' 
6 (212') l.J (:'12') 2'/" 

& 339.462 in-lb/in (l,50','OO ca-N/cm) 

"._th!l tensile stee" ratio, p ., 0.02 and tdY 

- 50,000 pai (l4,474 Nica2 ). t~ requir~ eff.--:tive depth ()~ 
the slab can be obtained fro. Eq. 8-S1. 

d _/Mac _r-JJ9i62 . 
-,~ - lTo.1T-ro.mno.ooor 
- 19.42 NY 19.5 in. (49.5 CIII) 

The natural period of the alab in ita funda.ental mode of 

vibra·ion =an be obtained fro. Eq. 9-34 using transformation 

factor. and sprinq con~tant fr~ Table 9-7. Fro. this table, 

~M • J.67 and k - 252 EI/L2. Tt~ moGent of inertia of the 
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.1Gb cro ••• ection is obtalned t·.-Oft! Eq. 8-30. 

3 3 
- ~(5.5P ... O.Of:!) ,. W;21-(S.5 x 0.(1'< ... 0.U8;; 

• 715.6 in"/in (11,727 cm
4

/cRl) 

The tot.al mass of th€ root slab 110 based on a total Ullckncss 

~f 22 in (55.9 em) . 

') 

II '" !lli~tl-UU·1.m.. '" 28S!E~_e-<:.--
t ,~:6 (.1" I In 

and the natural period is 

.. '--,--
T - (,28 L._~·b'?Jl.85L!l":...o...t~ __ _ 

N 1252(3.99 x 10°) (71"_6) 

'" O.024b sec 

(L.895kql 

The period of the slab will be ~n-::reased i,y ~ h endSS of "oil 

cover. Since the depth ot cvvcr 15 less than on~-half th~ 

apan, it is possihle t.hat "'ll 01' It rr<i1Y vlbrill(; wIth the roof 

alab. The total Ift4SS ,.,f soil 1S 

M' ... 8(20) (20) (l~~ 
t 386 

953.4 1 b-scc
2 

1'-0--

The modified pe-:-iod of the slab 1S qivCL by 

(166,9 1)0),,') 

, J~t + ""; [285 + Q')j.4]1/2 
TN '" ~;.-- TN ~ ----21Pi----- (0.014 ... ) 0.0·;0 sec 

Alivw inelastic gctlon t-:> the ('x~e:~t lndicdted 

by IJ - 3. With a natural perlod of 0.04 se'onc, ~ea;' rt~<;pon5e 

of the aectlon 15 11kely to occur early In the l· .. ! . .lLtr.,j h .. s~ory. 

Chaoa. too as the durati'ln nf th,' eqUivalent tflMlqul,L .'!'l'S

sure pu.'.se l~-~t. p.al'a~r.J.ph 3.2.4.1 - For to"':' lS v. : 1. . 0, J4 '" 

And II '" 1. the DLF (I<m/f'ol frO'l'l Fl.'.!' 9-9(<'1) 15 lb<".lt 1.(;:,. 

FrOIR Fig. 9-9("1. tm O.3:lt
o

'" 0.0311 " .. "'nod. P'\dl,~,jt .. \,; that 

too ia adpquate as a •. effect:--e durd~luil. :-h,' It ; '\n"<l m.~Xlmum 
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r •• iat.anc. 1. 

~ required - 1.05(100) • 105 p1i 

The required .... nt. capacity beca.e. 

(7;.( ••• /ea2 ) 

"u • 1.05(ll9,.'2! • )54,435 in-lb/in (1,515,500 ca-./ca~ 

an4 for p - 0.02, the required effect.ive depth i, 

J J56 435 . 
d - SA'" lX .,1. in CPiT - 19.9 aay 20.0 1n (50.1 cat 

aepeat.inq the previous cAlcul~t~c~. for the new dept.h of ZO.O 

in (50.8 ca), the naw period of vibrat.ion i. fouqd t.o be 

0.050 NC. "rec"eck ~f tlw OLF ir Fiq_ 9-' abova t.hat. tM 

design i. adequat.e f~r prell.inaty cona1derat.ion.. The t.otal 

t.hicknees of the ~lab would be on the order of 21 inches 
(51.4 co) to provide steel co··'!r. 

A .?re detailed analy.is of t.he load. ect.inq 

on the roof would be made usinq t.he pcocedur •• o~tlined in 

~tion VII for a final desiqn. See paraqraph ~ .•• l for ~r. 

~tailed load ~nd struct.ure .otion det.~~lnat.ion for this 
.. .-ple structure. 

11.3.1 ~ 

;For purpose. of ~rinq struct.urel efficiency, 

a •• ume that • \80-deqree arch wit.h the sa .. cro •• aection baa 

been selected fo~ the facility con.idered above. With all .. -

terial properties r..aining the aame, the arcb .hould offer & 

~t larger rpsistance to the airb1a.t :nduced ground ahock. 

The arch analysis can procee~ in DeveLal way. 

and be baaed on different a.sua .tior.s. The fol1owir.g analyei. 

present. two po •• ible approachea. One .... uae. tt.at. the 110· 

arch can be t.reated a. a half c}lindeJ: subjected to the load 

.hown in &iq. F·2S. 

It 1. assumed that; Po in Fig. 1-25 i. equal t.o 
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~'l:."I1-;'''''''''''' '$1I!t~ -",..,>'t'<'1ffi«,'" "'~ ~"<'I'~"l,~",,~ ...t~ 

the peak vert.ical .tr ••• in ~he ~i1. For ~o • 0.5 it i. 4e

t.eraine4 that, • I (Sq. 1-"). Por.· I. 

q.~ 

~ '0 · p. • q + p • 4p 

Using Iqa. Y 74 and 1-7E. the .. xiaua coabina

tlon of .a.ent and thru.t w~11 occur at the sprin91ln. of the 
arch (e • to·,. 

Pe - -qil - e; • -lp(l20) - P 1!j2l 
• -40oP (co.pr ••• ion) 

u ~ - (120,2 
ftt) aT - P --y-

- 4IOO~ 
Tbe eccentricity of the l~ad i. 

c· "e. _ UOOp • U in (':O.! cal 
Pa 400p 

eO 12 
and tan • 0.52 • 

For the qiven aect~un, 

A 

Pt • d- • !,c~*:m · 0.0141 

f _ ~ _ 50.000 
0.8Sfdc ~~5~5]75) - 10.9. II 

and Ptft u 0.0348(10.94) - 0.381 say 0.4 

bt.Zfdc • 1(2l)2(5'~~' • 2,840,000 in-1b/in (1.96 x 106 a.-NIcs) 

Enterin\f Fi9. 1-20b., t!'e intersection of the line e'/t .. 0.52 

L~ t.he curv. Pt - - 0.4 qive. r' A 0.225. Thus, 

....x - 4800p - 0.225(bt2f~) - 0.225 (2,'.0,000) 

• 639,000 in-Ib/in (2,842,000 cc-N/cal 
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01:' 

p • 113 pai (91.1 M/a.2 , 

1't;e., 

!"J -~., 
.~ • 4(133) • 532 pai (361 M/ca2 ) 

afecon4 approach ia to UM the eqUAtiona of 

~a9rapi\ 8.13.Z t.o calculate thru.t and aoaent at the aprin'l

line ~6 .. 90·). 

p& • Py~(Koco.28 + ainZs) • py(120) (1) • 120py 

"e • O.2SPy R2 {1 - Ko )coaZ6 - O.25~v(120)2(~.5)(-1) - 4800~v 

Ybe eccentricity i. 

4jt' 

Me HOOp 
f:" • -g~pY • 15 in Oi.1 cal 
e • v 

e' 
aa4 t C 

15 
if - 0.65. 

aaterin9 Fi9. '-lO/~), the intersection of the line e'/t - 0.65 

aDd the curve Ptill .... 0.4 occurs at r' - 0.225. Thu., 

M~ - 1800pv - O.22Sbt2f~ - O.:US (2.840,000) 

619,O~0 ir.-Ib/in (2,842,000 c.-N/~) 

or 

~y - 355 ?bi (245 N/c.
2

) 

It .S "oviou!> f.:ca the pr.cooinq arch calcula

tions tt.at the lclSd resistance of arch elel'!ll!tn·. ia very sensi

tol" ";0 the a •• \lJ\UOd distribution of lO"ld acting on the element. 
Such re.ulta are expected and the cbjective ot the analysis, 

'.9., deai9n U~ target analysia will no~lly deter. in. the ap

proach chosen. Both of the above solutions assume that the 

arch foundation. ar& allowed aoae lateral motion eo ~hat ~ome 
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adju.~nt in the i~')aec lo4lda is possible. 

'The dyn&llic loadlnc; eCfeet on arch r'-Slstance 

will now be che.:lted •• .Ln the (,;~.e of the flOlt: slab. In the 

hi9h ovarpr~$suce reqlon. the airbl~.t w~ve i. movlnq at very 

hi9h vel()(;itiea " .. : the! ailbl •• t induc;;t.>O qround shock wave. , 

neady tvlrizont.ll. ,"'or thia direct.Lon of loadlnq. the IhOst 

proWble :.c::1ft uf deforaation of the an-to is th<lt of too f lest 

.~tr'.cal flexural lDOde (~ee Fig. ~-)n. The f[",,"<~uenGy of 

vibration cZ .,he arch in thi.s .ade l'i qilf~n by hjS. 9-182 <lnd 

9-185. F ... ·Q3 t.q. 9-185. 

C 
r. j [ (6)',,<1 -4 4 '0 

III 1: l - ,,-Ii 1 
• 1 • ;;\-.-,i~;( 

I 
-J~~ 3.141

4 [~ - (ItY 
1 --::-:1 -. 

1 • 9 + 2(U 
~ J4'...77 

'" 68.4 

Fra. F.fl. 9-182, 

whert' 

CN -fIT 
wN '" s2llil 

s· lIR '" 3.14(120) 376.8 in (9.57 ml 

td 1 , ,_ 1(20.0,3 . 
I - T,5.Sp • o.OtlJ) "---2--(5. ~(O.021 + ().Oti1) 1 

- 772 in 4
'ln (12.6~C ~"/cml 
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~t4~, ~.t@. ·iO!'·.»IiI~~~~~~~ ~~~~~~,_, __ ,_~"-"""" _ ............. __ ~ .. __ . "'- ...,~ -

• :3 lliJillTUJll. 0.0052 10_ .. c 2/1n2 (C.IlO kg/ca.) 186 (!.U.-fJ) ------
68.4 

"'w. ~2 
'\.99 x 1 C 6 

(n 2 ) 
0.COS2 

.: 311 ~ad/SttC .. 59.0 Hz 

T~ ,,"It'It"1J! pa!7icc. ~;llS lIOde is 

1 1 
TN = r a ~ M 0.017 sec 

The period of vibration of the arch wi!l be 

increased $OlIlE!'What by the Added .ass of soil cover. Tba A

MOUnt. of soil ',micr vibrates with the arch i. uncertain but 

~hould not e~c~ 0.5 tv 1.0 times the span of the structure. 

Reference 8-2 ~ugqests that the effect of &Oil mas. be ne

qlected since in some instances the surrounding &oil also 

acts to stiffen the arch structure In order to demonstrate 

the pl'ocedure, the soi: will be included herlt. For ~ aniniwaftl 

depth of cover cf 8 fe(.t (2.44 III), ttl*" ,lvera<Je dept_l of COVE'r 

can be calculated as 

H .. lL!_!~L2R - lIR"l2 
avg 2R 

(6 ... JO) (2) (10) -. 3 14 no~ 
2C 

10.15 ft (3.09 m) 

Di~'=r ibuting this II\dSS 0: $Vll .. Ion", the clrcumference of the 

arch, it is found tha~ 

• lO.15{~~,_51i1.Ql '" 0.42 lb-sec2/in2 (29 kg/cm) 
m 144t]S6} 

and the modi fled period is 

TN '" ~1lI' .. in 
DI TN [O.4~~OOS2]1/2 O. Ou")2 -.- (0.017) 

.. 0,154 sec 
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Usin9 too • 0.12 sec as the load duration, to/T~ • O.7~, For 

~ - 3, a DLF of 0.15 is obt&1ned from Fig. 9-9(a) And t. : 

0.102 (ro. Fiq. 9-9(b). On this basis, the dynamic r~si.t.nce 

rL,vid&1 ~ould bv es~~ted .s 

R •• tNs' .. 709 pai (48' Nica2 ) for liin1.l&oidal load distribution 

~ ,. O~\\ - 4"1) psi (326 "/ea2
) for Ph • O.SPv 

The ti .. of peak respan4)€! 1. irnhcated to occw: 

fairly late with respect to the too equivalent ::.h.lration (O.tOl. v. C.12 aec). Repeatin9 the above calculatiol'!s Iol1th an eft:ec

tive dura~ion of tso • 0.22 •• c results in 

t~'tN '" O. U;O.H4 - 1.4 

DU' - R IF - 0.9 (Fi~. 9-9(a) with" - 3) .. ,) 
t. • (O.5~) (0.22) .. 0.123 'Fi'J. 9-:ht) I 

R ... 53]/0.90 • !)9'L pai (40' S/cr'2) fol' t;; :'!uf',_ .. d .... ~ load 

It a HS/O. '0 • 394 PSl (212 N/cm2 ) for!', 1,)4d 
m " 

Based on tt\e ~, .. t~edinc,; .iIIlplifie~ pre,-;e<:iures, 

then, lot i. aeen lhat an arch .. ction of the prc.,X)rtions of 

the nOlDinal 10(, psi (68,!t N/cm:t l shb could be expected to 

re.i.t 3S0 to 700 psi (~41 to 48) N/ Cm
2 ) for the conditions 

investi9at:ed. 

11.l. ) ~ 

,\ shallow buriPd Icjnforced concrete dome of 

the same cross section as the pre-:e<iing JlIl~h and arch shc\.'ld 

rrove atronqer than either. Although the dome .-v",ld req"ir;o 

~ di~~ter ~reater than 20 ~t (f.l m' to provi~e the .a~ 

floot' ... rea of a 20 ft x ~o tt (6.1 :II x 6.1 Ill) rectangular 
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·tr~tur., a 10-foot dia.G~.r i. uaed for ~.r.tiv. purpo.... It is ••• ~~ that tbe doae i. healaphE'''':"ical. 1.a., 

... 510 deqr .... 

Expel' il\ant.~ or theoretie.l iaf.,ra.\tion wnieh 

aiqht fora. bad. for .pecif),in9 load diatribution on wliec 
cto.er i. practically ~r.xi.~"nt. For ii='~trpo ••• of anal),.'. 

barein, it i. _~.~ th.t t~J buried dome will ~ .ubj.c~ed 

to but~ flexur.l and ~1fora coaponent. of .1rbl •• t induc~ 

cp'OUUQ ~OCk. '!'he r.l.tivt; "9:\itu4. uf the •• t,.,.. ... ca.poll~''lt. 

wi l..! ~ detetainecl fr~ the rel.tion.hip 

Pb - Itop. 

It. i •••• ~ tbolt the de .. i. IlUbject.ecS to • unlfora cetapre8-

.i .. load equal to Pv p:u. a flexur.l eaaponent equal to the 

diff.rence between the vertical and ~=iavntal .tr ..... ~ i.e., 

Pc .. Pv 

Pf - loPv - O.5py 

'[1110 _['ProacM. are po •• ible in .. naly%\ng ttl. qiven d~·. CII!:

eht.&nc-. to the .. ~nent. of load. On. u ... Eqa. 8-10l 

throuqn 3-10S and the inter.~~ion curvea of ri9. 1-20. ~he 

other ua •• Eqa. I-HI? and I-IOi. The ~.tter app.-".ch is U"ied 

11l. ;':hea4! calcul.ticntl_ E'1Ul".tiona 8-107 and I-lOt Ct-'l M 

yyitten in the tona 

P R c _ 

he - (l.lf~c + 2Ptfd~ 
PvR 

(i.1f' .. ~ de ' "Pt~dyT 

PfR O.SPv' 

h f ~ lOJr)f~c + Ptfdy ) - To.i5fde + p~lr;;r 

The sum of thane two thickn ••• ~s qives the total thickne •• re

qu1r~ to r •• i.t ~th coeponent. of load. 
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P R v 
ft t - he + t-· f - 10 .851 ~c:' • Pt"1d~ (f0C 1<0 "' o.~) 

~ar1"'r:'1!. .. q tenus and subatitutin-,; apecif ied v",ll:cS of the 

da.e ero ••• ection, it ia found that 

P 
• h t (O.eSf§_c .. Ptf~ .. 2)(~ (537S~.Q.:.;)J.4A ~O.!9..:')g_ll 

y R 120 J 

_ ~3(6JG': _ 1209 pal (834 N/cm2 1 
120 

The frequency o! vibrat- ion of th.~ dome in the 

u~ifora radial mod~ i8 qlver. by Sq. 9-192. 

.,-- -2£ _~(3.99 x 106 ) 
"N :l:~~ =~~~~;~U-=--;;-:~~-~;v-~ 

- L'12 rad/sec • ~} 3 Hz 

The period of vibration is 

1 1 TN ~ l • If! W O.OO~ sec 

The lila •• cor.tr ibution of the soil cover 15 

RI' -

[(3.14)(10 12 (8 + 10) - ~{J.141 (10; 31 :1<' ____ ____________ .J __ 

3~6(2) (LUI (120)2 

lb sec
l 

= 0.01!7 ~ (0.318 kQlcn
2

) 
~n 

&nO for the concretf'> .hell 

lit' 
n.H1J~ {lSO) _ ' Ib-se::

2 
; 7 2r (l"n- 0.00 .... _ ----j -- (0. i 4) k,'J ,(~.,.:, i 

1'1 

"'''tl r.odlfl~ pt'l ... .i <. vibcdcion ;f '-he' d'-)m.;> i8 

1.-;-;0 TN • f-';- T .. 

- O.OC'? :;1'-: 

ti2 
r,. 00:'2 ·_.9'2L~] . 'l: (04) 
~ - --;, ('.0<'2 
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~a'~!lt·~k~;~~:~ }·,~-;!!.L" • ,& ..... ,~-'."'*P, ~-r ~~_ ~_'~~ .. , _~~~ '->"<, ..... ~ ._ •• _~ ~.lf'I!r.-'''''''';:",,-~~~~*~~~- ·''''~·:·'''~>~·l'''.s,-.,''~·'''' "' -".'~>';'~o;v.J;"'ir, 'f ~'"lj",T "'\~~:'! <'»'~_~' ~':\'~ 

1'lltiftIJ ~oo •• t.he effk"t:.1Ye dlttatioo and ~ • 1.S leada to 

~O''T. & 0.12/0.007 • 1·.1 

I\.IPo 2 1.S (FiC). ~"a») 

t. '. (0.'" (0. il) - 0.005 ~ (P19. t-I (b» 

Usin\j too all the effecti1:e durat.ion appeara appropriate and 

.,be dyn .. ic re.iatance ~rQvided """,ld be •• ti .. ted a~ 

. 1209 '\a' l:T - 806 vat (55' N/c",2) 

A. e1pected. then. t~ dome baa conaiderably .are 1~-carryinq 

cap3bility than eltber the flat alab or arch section •• 

11.1.4 Horiaont&l Cylinders 

Ccnaid~r 4 i6-foot (4.lr a, inside diaaeter re

irt":or~ .a concr.te tunnel located .0 that it .. y be aubjected 

~o 200 psi (lj8 N/c:a2 ) peak overpre •• ure froo a 1 HT (4.2 x 

lO!5 j) aurface burst. A radiation ahieldin9 analysis has 

indicated that a depth of cover oi 9 foe~ (2.74 m) over ~he 

crown is required to reduce the initial nuclear radiation to 

an acceptable level. ~.~ tunnel vill be located in & soil 

vitb a ael~ic velocity of 1000 fps (305 ~.) and a creffl

cient of lateral earth presLure. ~n - C.2S. 

The tunnel. is b\A& i'I!C le •• than one di..eter. 

so neqlect any beneficlal archinq effocts. 1.1.0. ne91ect any 

attenuation in peak pressul" vit~ cept .. f'or purpoa.s of thi. 

lfive$tigation (.<e peraQraph 5.7.3 ~or ~ procedure for e~ti

~tinq peak pr~A.ur~ .tt3nuation vith depth). Asa~ a !~d

l.r.<J such as shown h. rig. 8-25 frr desiqn. For Itc • 0.25. 

Ii '"' 5/3 froa Eq. 8-96; .. 110" ine:'aliiti<- acUUl to the extent 

~ndicated by ~ ~ 1 and anticip3~~ ~h.t the load durat~on vill 
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be l0A9 wUh reapect to the nat,",a. per i.c--i Qf the --.;'tion. 

~ get atarted. p~oYide a atatic reatatance baaed o~ ~. 11-1. 

i.e •• 

a. • 20J(r _ 1}(2) ()] • 240 pai (165.5 fl/o.2) 

Taite 

fde • 51-5 pai (1710 ./ea2
) 

{elY • ~Q,.\,)o~ pd (1'.500 M/ea2 ) 

Solve Sq. ")e for d with Jo - 240 p.i 4nd R ' 9' in (2.44 a). 

P ('7,000 + fd ,(R)(ll + 1) 
. 0 .,.,.."..-;;;o!y..,..,........."..-~ 
a" l.lf!c(87.000) (I + 11 

d (24G) 187 ,000 + 50.000) (96)~(3) (5/1) + 1; 

- 2.2) (531$; (8~) {( /3) + 1] 

d • 6.9 say 7 in (11.' cal 

Sele:t t • 9 in (22.' CIIl) vl.lch ... .ke. R - 1 00. ~ in (7.55 a). 

TM Applied thrust .,.0 8iOIIient vith Po ... 240 

pai (165.5 N/ea2 ) are 

p _ (Po~)(JS + 1) • [£40) (10005)][3(5(3) + 1) 
aax J T+T 3 lSI)) + 1 

11,C90 Ib/i~ (31.680 M/ca) 

P R2 
'\.ax"" nr-.--r ... (240) \!.I\O.~ ) ~15 )) + 1j 

• J03.000 i.n-l..b/in (1.35 x 10' cm-N/em) 

A corre.ponchn~ eccentricity i. 

e' • ~,~ .. 1,Oe1'g:o .. 16.75 in (42.5 CJl) 

P"x ., ° 
~or the trial section. djt - 7/9 • 0.78 0.10. 

lOtd 

r:',\ 

'"""" 



.; 

and .'/t • 16.~'1' • 1.". Take p~ • O.OlS; thaD, 

r • Pt~. (0. 035 1150;OOC' .0111 
&t· 0:1~ lo .• ~ 5] 5) • 

At tIK in'::.eraection 0: tM linea t.'!t • 1.., and Pt- - 0.1' 

ln Fio" •• ·20 (a) • 

,:' • 0.01 and r' - 0.1. 

The re.istance provided by the trial section ts 

p - fbtfdc - (0,01' (1) ft) (53/5) 

• li70 lb/in (6710 II/C.) < 18,0'0 1~/1n req'd 

II M "bt2 f 4c • (0.14)(1)(t)2{511S) 

• 60.950 in-lb/in (271,600 ~-N/c.1 

< )01.000 i.l-Ib/in ~eq'd 

The initiAl trial -.etion thu~ appear. quit. 

deficient. Sati_t. a new thiekr •••• baaed on the applied 

~~~ ~&lcul~twd abO... K**p P t - - 0.38 and choo .. f' -

0.20 in Fi~. 8-20(.). 

~':ir. _r--3O)00v 
t - de ·1W·tO.20)(fl{5~ 

- 16.1 .. y 17 in (43.2 ~) 

Set the effective d:pth a~ 13.5 in (14.3 cal ~hich re.ulta 

in 4/t • ~.80. The radiua R becoae. " • 8.5 - 104.5 in 

(26~ cal. Recalculate the appli~ thruat and ~nt. 

p • [(240) (l04. 5) ] IlJ.Ul) + 1] 
lUX j L~r+T 

H,.ax 

.. 18,810 lbh.n U2.'40 H/e.) 

(HO) (104.S)2 
- "1Tf5ill+IT 

- 321,600 in-lb/in (1.46 ~ 106 c.-MIca) 

IOU 

The cornt~"'lQQ eccentcieity IS 

• 321 ,600 
a • lrt:rnr • l1.4 in (44.1 em) 

aM .'/t • l'.4/l! • 1.02. At the irlter-section of the e'/t and 

Pt- linea in Fi9. 3-10(a), 

r - 0.16 and r' .. 0.165 

'I'he reslIlt.nca. l'c';;," .d~ by the new trial sectiun are 

P • (0.16) (1) (17) iSl1S) • 14.620 Ib/Ul {25,600 N/Cltl' 

II .. «;.165)U)(11)2(5375) • 256.300 in-lb/in 

(1.14 x 106 ~~-N/~) 

Tbe .aew trial aection !It Ui Appeara deflcienl. Take t '" l.~' ) n 

(.S.I c:.) and J. 15.25 in 1l8.7 eDl) resultir'l ~:"I d/t " 0.85, 

Repeating the prec~inq calculations. 

Required P_x - 18.900 It-/ir. (33,100 N/C1f) 

Required Maax - ]]0.740 in-Ib/in (1.47 x 106 cm-N/cw .t . lJO,740/1B.900 - 17.S in (44.4 em) 

.'!t - 17.5/18 * 0.97 

- 0.19 (Y~g. 8-2~!~) for Ptm - 0.0381 

I' 0.193 (Fiq. 8-20(bl t,)r Ptl'll .. V.\Ob; 

P pa.ovidad • (0.19) (1) a8) (5375) .. 18.380 1tJ/in :n.:Zoo Pt/c~,) 

M prov;;.ded" (0.19)1(:.)(18)7(53151 ., 336,100 In-lb/.n 

U.S x 106 cll-N/cln) 

Th1a tra.al aec~ion appears re4aonatly adequale. Chec~ th~ 

dyn~ic c •• i.tanee prOVIded. 

"a IIH!Iltioned 1n a prevIous para9ra~h on the 

buried arc:h, there is reason to tx!l ieve thdt the eftect of 

t.he surrou~.iin~ ac·il on the natural pet'lod may '?ssentlally 

canee, It •• lf out due to i,.,::ccilSlnq c~e sciffnes'l of th.! 
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section aa well .11: .addinq to it.. -.A... The pheno.enon Ap

pears e';en RIOr", C'~lex for a burled cylinde .. U:.,n for an 

arl:h in tMt C;p,lI. it.y should tend to work Allainst any .... 

of soil on th<. !o .... er r;"lf respo.i.jl.!'.q '''~th the eyl,nder. 

~ccordingly, neglect the ~ffect of th~ surro~ndinq soil 

and eati~,~e the n.tul.~l frequency of the tunnel section 

with Table 9-12(~) in the fle~ural mode wi~h n - 2. 

E 

<; 

t-E;\[n2(n~-1)2 '"'.,. --y---
n yAR n + 1 

3.99 x 106 p~i (2.75 x 106 N/cm2 ) 

386 in/.ec 2 (9.80 l1I/sec 2) 

~ 0.0868 Ib/~n3 (G.0216 N/cm
3

) 

A '" 18 itl2 (lH cm2 ) 

R • 105 in (2.67 m, 
A~~ c p~bt ~ (0.0345) (1) (18) - 0.021 in

2 (4.01 ca
2

, 

P ., O.SAst/bd :or (0.5) (\).4';21)/(1) as ~s) .,. l·.n 

O.5bd 3 (S.SP , O.U83) .. (0.5) (I.} (1:;.25»)' (5.S· (O.\I:~ 
+ O.O~ll ~ 3'2 (n

4
/in (5,600 ca'/ca! 

Wn = 141 rad/:<E'<': .. 22.5 .Iz 

TN = l/f : 1/22.S = 0.044 s.~ 

The ~~ulvalent zeru rlse time triangles for a 

1 MT (4.;;': x 1015 j) !:ur1acc ~urst at thE- 2~O psi (138 ~I/C\D2) 
.,ea~ overpressure contour froe Fi~. 3-10 are 

too '" 0.045 at"(; tso .. 0.11 sec t.i • 0.27 3ec 

AS indicated e~rli 'r. peak pressure attenuation with ~epth 

b4s been neglected t,'r a tunnel buried this $hallow. 
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The ri .. tilMt of t.h4t pressure pulae _y bAve 

___ erlee-t. hovever. Aa indicat.ed in parAqraph 7,304, it 

appear.'reasonable to eatiMate the riae t·....,,, on tne basilll of 

the 9-~oot. (2.74 .) depth of cover. For so11. CL O.sc and 

for the given soil. 

9 9 9 9 
t. • - - ~ '" rII:";; - Y"X"TX • 0.009 sec r C

L 
'- ;tuO J.u(;v 

If t.h. prevaur. puIs. of Fig. 9-11 w~~e assumed, 

t~TN - 0.009/0.044 - C.20 

R./Fo - 1.18 (for ~ & 3) 

t. • 0.3) (0. COS) '" a.Ole ~ec 

As.uaing 6 zer~ ri~ t.ime ~nd to - too in F19. 9-9, 

to/TN" 0.045/0.044 • 1.02 

l\/f 0 .. 0.83 (for OJ .. 3) 

t. .. (0.7) (0.045) '"' 0.032 sec 

A •• uaing a zero rise t:ua., ... ~~ • ~ - tso in Fig. 9-9. 

to/TN • 0.11/0.044 - 2.5 

'\a/f 0 - 1. 02 (foc \J .. 3) 

till .. (0.17) {O.lll .. 0.041 sec 

AssUlDinq the zero rise time and to ~ too does 

not appear too reasonable since the estimated rise ti~e is 

about 0.009/0.045 - 2j percent cf the ~SSU\DeJ du~atlon. Slmi

larly. -.:he fln.i.te rise tiltle and non-decayin3 peak pressure 
(Fiq. '-1~' ia nct too re41istic. 'Ihe cv~rpressure pulse 

d"ration :O[ a 1 NT surface bur5~ And ~OO psi frf);'!\ fig, 3-5 

is to .. 0.92 second. l.s ,nay be seen in F:'':I. 3-7, the in~~i

dent overpressure has begun to dec3~ qui~e rapidly at t » 

O.Olto .. 0.009 sec (whl.ch l.appt"n. tc coincide with the rise 

time in this exlstnplel. Accordingly, it apPt;,U'!fI. satt to as

sume that the required dyna'Aic reSl .. ,anLe lies somewhere 
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bet .... n l.OlF - 20~ plili (loU N/c.2 ) and l.18F. • 23 •• psi 
2 0 Q 

(U3 N/ea ). A. will be recalled, thE: resistance provided 

i. abcHlt 240 pai. The l.st t .... ial aect:..on, then, cOlild be 

conaideced saU.factory for the interukd PllCpose. See para

grapb 7.6.2 for •• I.iaated vertical IIIOtiona of this example 

.t.ruct\<re. 

1l.3.5 Vertical Cylinder.: 

Con.ide~ a requi~e..er.t rur • ~i~.ile laaneh 

tube to be locat~l to withstand the env~ronment a~$ociated 

with a peat J.ncidar.t Qverpressure of 70 pai (48.3 II/c1ll2 ) 

!roa a 1 MT (4.2 x 1015 j) surfa~e bur.t. The required in

=idl'l ciii.iMeter for the tube i" 6 feet (1. 83 m). Further, 

the tut. c~nnot be ~lloved to deflect more than 1/1000 of 

the L,side d:.aae::er or the ai •• ile might be d .... gee. It 

baa ~.:en det.rained th4lt tM ~il at the intoended Fite has 

a coefficient of lateral ~arth pressure Ko • 0.75. An eat1-

lUte of the feaLibility o~ the require~~I~ is de~ired. 

The Ia4xi::llWl! de!l<'Ction rec.uireaenc 'If O.OO! x 

72 - 0.?72 in (1.8l nB),~;ll very likely preclude the allow

ance of any inelastic ~~ti~n. Equation 11-1 with ~ ~ 1 in

dieatee a dynamic re~lstance of 2Fo - 140 psi (96.5 N/ea2) 

ni.qt'\t be requu·ed. A!5SWDe the load function sho,", in Fig. 

s-2~. F')r It .. 0.75. 8 - 1 frca &q. 8 .. 96. Try a s':ee 1 I\.a

terul vitn ~ yo.mg'. JlI\X1ulus of l.:' ,. 101 ps', (2.(' x 107 N/cm;') 

4!:.d a .i)·na:'lic yield atres .. of 50,000 pSl (H.!:"O :VC1\l2). For 
;; . 2 -
r:.. - 140 PSl and (4 ~ 7. q .. 1. ,'.S pSl. (",4.5 N/ea ' and p .. 

17.5 pa_ (12.1 N/oa·). 

As di scuast;d in r;>ar<:t<jrd.>h 8.9.3. b.:cklinq of 

",teal rings, particularly under nom.niforn· loads, ia lilorE' 

~i~ely to control the section proportions than strenqth con

sideratio·"i. For the qiven conditions, the parameter P IE 
- 14(;/2.9 x 107 - 4.8 't 10-6 E>1ter Fiq. 9-26 with thi~ 
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..,.lue of Po/E alld {'.I.J i</t ,. 11 f<'r .. 8 7) • 

R - ~i • t/l - (16 • (/2) In 

It .. !~_\.!-fl .. 11 t 
t "' 3. ·12 8a y 3. 5'1 i n (6.8) em) 

It • 36 • 1.75 ~ 37.75 In (95.!f ern 1 

Ric· 37.75/1.75 ~ 21.6 • 10 and ~ 1 ,Table 8-3) 

Estuaatt: the pcob.,blE: PEak def lox:tlon WIth £~. 8-81. 

C
IUX 

qcr 

.. fR [ 4 1 3---' 
qcr - q.: 

.. 3EI/R.) 

... ::"t.
3
/12 "" (lJ 3.51

1
/12'" 3.57 ~ 4'11l (')'.:"~ cl"4 /em ) 

q ,(3) (2.9 x 10') n.S7)/(J7.7 r .)3 '" 5770 PSl (39aO N/clII 2 ) er 

6 .. J.!2..: 5l
)b?:2?1·l-l""110-} \---<" <.:1 = 0.039 In (0.9'1 ram) 

IllaX ;) I I , ,,~ • _ 

Tbe trial SectlvO .. elect\~ on the b."SlS of stat>~li'; thus aol

pears quite Cloequat.e in ~erms of the r. '.X ~mum d~t lec~ ~\Jn r.::

quiremen". The p~a'" titleSS to bc eXptC"ttK! Cdi~ ~, c'Et ~f>lated 

with Eq. a .. 83. 

a max [ -/K\~ ( - 1 
K 2p\- , '1 ~ ~\tl3'l tl ~ .. ( .. 

: [el.I (17. 5 1 P L·;-: I ~ • { 1 22 . 5 + ~ 7 ;:~ H .3 

"' S .. 60 "lJi (J76C N/cm
2

) 

)] 

Tht: ceq;.: lced dyndml(' reslstdnCt:> Cdr' t'te 'heck .. >o 

aa was cone :ul:" the horlzont~l eyllnd.::!r in trlt! pn:,· .. ,jlnq pdla

graph. It wi.ll t>£ ~..)und that the OLE' (Rm/Fnl UI lnd,"'<i 2,0 

for elastic rcspons,> tor any of the sll"l-'i.f)~· pulse shapes 

one chooses ";;0 ", .. sumo... l.e .• sE'tlinQ P = 14:) pSI ('1b.r. N/cm2 ) 
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i. valid. ~ feasibility of satiafyinq the 8~lpul.ted r~qu1re

.. nt at this point. therefor,"l. wo.;ld .ppear to hlnqe priaarily 

r.n the practicality of h,bric<'tlnq the p10PObed tube out of l.5-

ARCh (8,~Il-~nl ateel ~i.ate. 

T:~ sectiou could obviously tf! Ilillch liqhter except 

~or the po.sibility of buckling. Three po.sibll~ to reducu 

the buck: lnCj problea which come readily to lIIi:lCi arel U) A deeper 

hal tow <)l" cOIIlpoljit.e steel section. (2) A reinforced _oncrete tube. 

(3) Limitinq the adqnitude of Po applied to the s.ction by sur

rour~inq the tubE with • cru.~bl. backpacking. If the invest i-

9<\tlon '-Iere to be ~cntinued fro. this point. it would be appro

pr14te to beqin to def~ne ~he e.pected loads more preci.ely as 

~c..crihe1 ~ .. Sectiona " and 'Ill an1 to .-ploy more sophisticated 

.. ndyt.i.(~al procedure. than the simpliL_'ed lai;'thO\ta illustrated 
aN--....... 

11.4 [~P UMDiUtGROUND S"J'~RES 

T~e nuclear weapon effects of prt..ry iaportance in consid

erlng de.~ underground structures will ~ cratering. qround .hock 
ani EMP. In deslgntnq a ~eep facillty to aurvive a nuclear bur.t 

d.rectly &oo.·e lt, the in8uallatloil -U8t be well outaide the cra

ter rt'pt.ure zont: a~i also be at " rar.qe where the qround 8hock 

~nviron..'!'e·nt can l:>e reaisted with practicable .tructural 8yateAa. 

At s~ch depths. ~ple shlelding for .11 radiation effects except 

:..~? i. t·'Covided by the e.~th mediUIII. A_rblast effects are some
what me~ninqless vith the burst po~nt el3entially directly over

head. The po.Slbil' ty of occ,.r:-ence of block motions (lar",e 

relative displ~~ew~nts alo~9 juin~ or fracture planes) is folr 

less llkely ~or d~ep underCjround facilities than wo~ld be the 

case when considerIng facilitl~o located near the .urface in 

a rock medium. 

One IIIU.~ it.,.ep lr. 11nd. however. thet t-he preccdirlq re

marks :an: applicable pr ~ ... ril}' .. nly to the core of the 

;ieeply hurled in8t.O!Uation. To be uaeablt:!. the core .ust 

have ~a;lS of entrance ahd eld t. COMmunications links, life 
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support .yst_. and so on. A deep underqrOund facility •• 

a total syatea. therefore, will n.ceFaarily ln~lve ahallow 

buried, and posail-lv abovtt9round. atru~;ural syst .. a ,. _11 

aa tho.e deeply buried. 

11.4.1- - Unline~ Tunnels 

loa has been mentioned previously, deep uode -

qr"uruJ facilities are .tao.ost invariably located in rock. 

Rock in itself can be 3 very competent structural material 

provided it is reasonably ft.e of maior ahear or fault zoneL 

and joint patterns. The range at which an unlined tunnel or 

cavity can be expected to 8urvive a 'liven tt.reat ~y , irtue 

o~ the inherent strength of the rock ~diua itaelf ia always 

of interest when con.iderlnq a deeF und~r9cound in.tallatlon . 

For ex.-ple. it is obvioua that IlUltiple entrances aNi e)tlta 

vUl t:e necessary to provide balanced sUi"vivabiHtv of the 

~tal .y.t .. by redundancy and dispersion against larqe yield 

.... pon threats. ..kin9 aaximum poauibl~ u •• of u~1ined tun

Ml. in .uch call1etll can result in considerable .... J'inq. In the 

total .y.teD coat. 

Let it be d.sj~od to ".timate the ranqe at 

which an unlined cylindrical tunnel wouln survive IQrge 

Yleld cont.~t surface bursts. Comblninq Eqs. 5-6S and 7-56, 

one may write 

£ -

25fps [~]2/3 [IOOOf~]2 
CL IMT R 

(Enqlht.) 

_ 27i:3mp&[ \oj }2/l[10Otft]l 
L ~ Jr 

(51) 

Consider & granite medium chanlcterized by a seilUllic velocHy. 

C, of 18.000 fps C:4g"mps); a specifiC qravity c·f 2.65; a 

Young's modulus of I? x/lO' psi (6.9 x 10' HI,,-.l); an uncon

fined coapressive .trnng''l~. of 25,000 psi (17,200 ~/em2)t lind 

• .odulu. of rupture of 2500 pai (1120 H/e.
2

). 
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It c .. be a •• ~ that. cylindrical unlined 

cavity viiI survive in the f~ .. -fi.ld .t~ain environ.ent •• -

.ociat~ .it~ the ~ulua of ~ptur. tenaile strenqth 0: the 

n>:k (i •••• tl~ .axi~ tenaile stres. concenteation fact~r 

i. one foe M • 3 in fig. 7-49 for _ circular incluaion). A 

reaaonabl. value for the allOWable tensile atrain f~r the 

~k de.cribed above would be ( • 0.0005. With this atr&in 

and CL • 0.75C • 11.500 fp" (4110 IRps) for ',,,,-01 rock. the 

!lreceding equation can be aolved for t.he aLli"viva1 ranqe. R. 

[ 
W Jill 

R - UlO ft fiiT (Eng1i.h) 

r 
,1.' J 

- l65 • -;'-1 
-!.~. j .. 

(51)> 

TO get' an lei.. of the et f.act. of t.he rock .. chUII 

Oft tbe ~~rvive1 range f~r unlin~ tunnelft. con.ider a li~-

8tO,A vitb a .. i..u~ vo!ocity of 12,000 ~ps (1660 ape): epe-. , 
elfic gravity of 2.3!. Young 'a aodulus of 6 x 10 rai (4.1 x 

10' N/ca2 ): unconfined compressive strength of 15.000 psi 

(10,300 N/om 2 ), and • modulus of rupture of 1500 psi rl030 

N/om2 ). A r~~sonable value for lhP modulus of rupture ten

aile atealn for this rock would ~ 0.0003. Aa before. with 

C
L 

• (0.75) i12,OOO) • ~UOO fp. (2740 mpsl and ( z 0.0003. 

r ]1/3 
R w 3040 ft iL~ 

5"9 -[NT] 
1/3 

(Enqlish) 

(SI ) 

The e~pre5s1cns above illustrate a method by 

vbich surv1val rlnqe~ #or • cylindrical ~nlined tunnel ;an 

be ~et~ .. ted aa & tuncti~n of cont.ct surface burst yield. 

Otber burat conditiona anj incluaion !lh,~(.A!s can be treated 

in bolaical1y t.he __ fa .. hien incorpo~'atlnq the appropriate 

yieLd rquivalanc. and s~re5S concentratlon factors QS dea

cribad ~n Section. V a'ld VII. See parllqraph 7.6.3 fo.: 
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111u.~r.tlOft of a procedYce for est.~matinq motton. of a 

d .. p underlj round \.In 1. 1 ned t unne 1 .'!C t. ,on 

11.4.2 !n...!~!~lLineu 

l.et lt be -.ieslred to .:;:;llm.:ate t.he ,?r,','lL;rUIl"nt 

in terms of free-f 1eld stresii that. a ~ .ver. int:eyr.l: 11 .cr 

can be expected >:0 surVlve. 100 lIner is constr· ... ct ..... d 1"'1 

rock and 1S a cOCRposite of "teel pla~ e and <::,mcret.'. The 

in ler raJ1us of the con,:-rete liner 18 7." feet (2.1 I I"i 'H.d 

it h.a a thlcknes5 of 2..i lnches (f>0.96 cm). Th~> 1":."( $('l"el 

plate 11ner has a thlckn05s of 1 inch. The conccetp, rock 

end steel ~ropectle5 ace a~ tollows: 

E c ~ x 106 psi (3.45 x 106 N,,'C"':l2) 

E • 10 x lOb pai (6.9 x 106 N/cm2) r 
f' c • 5000 pal nUl N.ica~) 

cur" ;i5,OOO PSl '17,2UO N/cmJj 

t - 40,OOC pal (:n. SSO N/cm2 ) y 

Poissons Ratlo foe C0ncrete " n.l 

Poislions F.tt.1C tor .o~k '"' 

k • 4 
ac 

kar '" 8 

'" 0.1') 

The unIform pressure exert,;,d by tt>e steel l,nt>r .. h;",!'<t tho(' 

inner ,surface of the concrete is calcul~tcd 

hsfy ~ 1.0(40,OUO) 
.'4 r <I ---(84')--

) 

476.2 pSI 02R.3 N/r~.<; 

: rom t ~ . <1-11 t>. 

The el •• tic stress tactor 15 ca lculdt('d fro'" E'l. 8 -l I R. 

.; .. C t. 
(" '1 

l-':'-~-
"c 

_ [~, __ -_ .2 __ c] , 
- \. r 

c 
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The C,'rcl.lllltttrentlal ::tl:.i.~.l and radl:ll ",t"QSS are ••• u-.l to 

be ~ua 1 ll"' the S· eEl and concrete 11 ",t~r!f. at thelr l.nterflll..:e. 

A ,:uTUIIIll.-re:\tlal s\.r ..... '·, 0! C.OJ 15 ... lOsum .. >d to be reasonabl·, 

for t.ho. st,'el llner. SubstHutlnq in the pr?'C~i..lq equ .• tlon. 

s " r~--~ ..... } a (, (~!l] - [~,:..._J_i~] 476 • 2 
II - (0.1," ~ . C'.. 

'" :''>,081 pu (34,S30 Nicn/) 

The tnelastlC str~_~ factor lS obtained trr~ Eq. ~-119. 

y - u· (k s - ')'r 

.or the concrete liner, ;.; IS ~aken equal to {~ and 

¥ ~vJO + (4-1i (476.2) 

64:t Q psi (44 32 S/CTII
2 ) 

51!"''''! 5 is '1reat.er than ¥. the concJ..'te l~ in a plastic con

dl.tlon at its u.nel" radius. The rad1',l: to ::00 poinl at which 

t'1 .;:oncr~te IS €'L':>tic IS obt3Ined (ref!! Eq. 8-122. 

" 

or I-
e 

1 ' ') 1 r 

Slncc t~'\e ~.'~' t t" r 

1 
~-, 

[f] S • 

1. ')l(H 

ra,jlus (.): 

1 

r,)~~_GI!.: l~ 
l l,4~9 J 

,. 12b.:' In ,3.2:' Ill) 

~;-.(! c,)ncrete IS lOS 1n (2.74 ml, the 

.. ntH" tl).,l(-,.,SS ot concr~~(' :s In" plas~.;.c conditt'Jn. 

7lle 1nclast lC SUess !act.0r at the ol.;te'!:" radiulO 

of the c~n~lete IS found 

k 

,I " ) S 

! \ r :i. 

trVln £'1. 8-121. 

U29'1.il tl l
j 

, 84-
, 

il,bb4 P~l. ;<;4;tQ ~/cr-") 

The r~l~l atre •• at the c~ncr~te-rock interface i. ot~~:ned 

froa Eq. 1-119. 

Or 

Y - (J u 13,t64 - 5000 
k;-: T '" --)--

• 2888 psi (19'1 N/cm
2

) 

The elastlc stress facto!; at the COnCrE:t:l~ r-x:k lnt<::'IL'ld'! 18 

calculated f~om Eq. 8-120. 

2 

(r1) ( 84 )2 
S c 51 Ir : 50,081 l~ 

• 30,2 0 0 psi (20,38a !Vcm2 ) 

The cir.:u!!lfercntial Ftr,un is calculated tron, Eq. 8-:;:~'. 

[6 2r 1 - '"'c 

Ec (
1 - 2V,-.) 1 1 - (0 .,2 ( (1 - " ")) ] 

• -1-'.-':";: '" --4- 30.296 + r-:-~:T~ . .: 8 ell 
c r "> x H~ - O. 

- 0.0065 

Th~ c1rcumferential straln and rad1dl ~tr~ss 

in the roc. k an.i concrete ~re assumed to be e'iua1 at lhel {' 

interface. R~late t"-esc stre!:Osl,s and 'stralnz to tree : l.el:~ 

rock str~sses away trom the tunnel. Th~ initidl steps or the 

stress analysis in the rock are simIlar to those for concrete. 

The elastic stress f";::tor is -.:alcu1ated trom £q. a-lIB. 

Er ", [1 - 2\r'J 
S & ~ - -Y--:-V-' r 

1 -.' r 
r 

10 x,106(0. 0065 1. _ [~-=--,'!.:_~{1'?~88 
1 - (0.15)2 - - O"-J 

• 64.117 PS1 (H,20!! N/C",2) 

The ine14st1c stress factor is obt4Ined f~om ~4' 8-119. 

Y .. 'ur " (k!.:: - 1) ~r ;::5,Ol.0" 7(28S8) 

, 
• 45,216 PSl (11.17~ ~/cm·\ 

lel' 107S 



~_",,,~,!t~'1 _ .. ~"",:-~,~ '-'-.- , ->'\·~-t-'"':"i"""""''''''''''''¥ "'~ •.•. , .... ~' ..... ~, 

All it. ttl. C ••• o~ the coDcr .. te, the ela.~i..: 

stre •• factor ia qreatec than the inelastic f .. ct(,r IlO the 

l"(,)Ck 4t UN! canc:rete-ruck interface ,i. ;in • pl.st .. c con<1i.

tlon. The boundary between the .lastic .ad ine:.stic reqiona 

ia cOlilpated f l':' Eq. 8-122. 

r 
..!.. 
r 

1 

(~]~ 
1 

(U:Ht]' 
"",' r •• l.04r. l.04(l09) t 112.3 in. 9.36 ft 12.85111) 

At th;'" ranqe, the el.s ;ic stress f·ctor is given by Eq. 1-170. 

r 2 2 

5 • Sl(r~) • 64.117(~) 
• 59,100 psi (40,l8ti N/Cttl

2 ) 

At the bo".Jl\(i41'Y between the elaati= and plast ic reoion5 

S • Y. and the free tiel,j stress correapondi'l(j to the .asutl'le\1 

liner ~'OnditionlJ i. obt4.ned fn). Eq. 8-124. 

( 2 ) (k - 1) ~l ~ 
p • K y sr S' . 

o fT (
Cur ) - r--

8" - I 

• O.643(59.300JO.222(5~.100)0.7i7 _ 

• )4.140 psi (23.540 N/ca
2 J 

25,000 
7 

Thua for the apecifled liner and rock properties, t.he li:1er 

ia c ...... ble of with.tUldin., ~ree field rock atnt.a.a 0 al-prox

i.ately 34,140 pai (21,540 N/ca2 ). 

11.4.1 Backpacked Struct\;l'es, 

Prel~~inary trial aec\."ons foJ' reinf?r~eu ccn

cre~e ard .teel lin~ra surr~und$d by cr~~h.bje ~ckpacking 

wer", &elected in pari'lgraph 8.12. J for th~ ro<:k :l\*Hum deiHcted 

107. 

.I>~ . . .; 

j,,\ ,.19. 1-32. Eath,att. the rang •• 'r()~ larq? yald surf .. c.? 

bUll'ts at .tach these atrvct\,;ral sy"tema. "'11.1 {ll b' o:lXp"c"t.d 

to .urv i ve a,).i (21 probab1 y be co i 1 , :'5, u. 

Equat10n ~, ~. Ca.1 be "'r .. tt~'l 1n tr',·' foe.,: 

.. " ~ .ps _. 1000ftl~ 
[ 

W ] 2/3 r ~ 
}MT l ~-- _ 

wh.'c. A 1a a coef l i.: lent de~ndl' ... on the t yp~ 0' L.,;i ',.t • 

tanil'lq wjth Eq. 7-5( a •• j solving fer R. 

R .. lOOOr~- r/2r ,. ,1/3 
~,CLJ f.~1'1 tt. 

, \ ]li4[ W ]~/1 
'" 1 8 9lli:~ l-~ 1 ~. J l!1 

" .. (:1';'1-

The ao.ired ran'les Coln be estll1',lte-<~ wL.h tho: pe.,:c,.,dn,,] '-'<iUiit;'<.;rl. 

p::<>vided apr-ropr\.ah'! values for A., d.d ('L are s.:.,:cted. 

A r(:asonable value for tt.c S"'lSI"11C V,,]oclty .:>~ 

the ro.::k in tOts example would be lij,OOC fps \:-490 rot'si. For 

hard rock, 

C
L

" O.75C = (0.75) !l8,000l • 1~.)00 fps (41J f.1FS / 

Ploptc'rly ~',esigned baC~Pdck"!d 4iners can bE" tXp..,.::'tt:~j to SUI.')\'e 

a free-field tltraln environment of "bout onE'-h.:slf t:-,e ultlr.'qL"" 

.train f)f t:h~ rock. aSSOc1atPd '-'ltl~ an u"1coni.::.ned ('u"'lprc~:Sl~'t) 

teat. provlded 411owolncp i~ mad" !()r s~~ess (str..:lli1' CO;":"~ltr.l

tion at ttlp ;.. .. .:l\iston. Choose a COil[.'reSS1VC st: .. ,~' ccnccn~l'd

t-i"n factor of ] f0r .. c .. rcul,~r 1;1..:1'151011 (F.g. -4'" dt:d 

tiMate the ultimate strolln ot the ;~q;'r. C{,ck ;it <.);1 th1:< 

baalS, a valul!! fc.' the fcee-flelJ ~t.r<iln ass,'<"lil'c:! ,,,nIh ~,"a' 

vival of the backpacked llne[ s ~c-c":\"'::; 

1 1 
". 1 x J x 0.01 L O.OOl~7 

l'Ji'7 
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The value of A for ~ ~G·.ct aurlac. buret 

la 25 {pa (1.t2 -.pa) a. indicated in Sq. 5-15. Fc>r •• U.·jht")' 

t'Urie4 r-Uitst a~ " yield e-luivalenc. (·f J.l' fr· .. Tabl. 5-1, 

... '" _f'Proprjate v,,:~. (:-}r A ia 60 fpa U8.] .pa). ,.bt •• ti

~~ted aucviv_l rar-ga. thus ~cor. 

[ 
25 1112r If ]1/1 

1\. .. 100(1 n":-3li!. r; cO, 500) ~ l UCf 

R. 

r w 111l [ W ] 1/1 
lCSJI~T"J ft· 1" ~ • 

... - 10 j 

o 1/2 w ]1/l 
lOOO[(O.O~f';) (13.506~] [Uif 

r w lilJ [ til Jlll .,. 1610l- :t. 108 -~ • 
l.MTJ H j 

(c.:;;nuct.) 

(.liqhtly burled) 

• 
It can be ass~ that no atructural .yst .. 

y.t devised '1:1 .urvive an environaent w~erv the free-field 

rock atra.' is on th6 ~rder of the u1tia.t. coapreaslve strain 

ca.pacity 'f •. h<P rock. i e .• ~c - 0.01 for this exaapla. Tht! 

range. I.t wr-ich tbt 1: .u;.rs ~ill very I-l"obably be col1apaed. 

then .are 

RC 

R c 

. [ 2 S ' 1/2 r '" ] 1/ 1 
100(' TO:~lJ (13. SaO)] hMT 

[ 
W 11/3 [ w ]1/3 

«30 l~i ft ~ ~l.) lOl~j • 

- . h!'l )l12r W]111 
~O"Ol((fO~11TTihmJ ~i~T 

661 [rRJ -it: .. 116 :-::n-:- • 1 n r w ].1./3 

• .10 J 

(contact) 

(sli'lhtly tM.ried) 

7htlt aia ... ~ i ~ i .. ,,: expl:essiofls 'OOv<" i llulltrate '.0 

SOIae .~xter" t:he effect (If tz-,">e of burst on po..Jten~ial d.v .9~ 
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1.vw!& for deep undec9rou.MI atructur... 'fl.. cOn\:~. t bo,\"at 

.xp:: ••• iOlUl in con~unction with u .. thrt anl .. t,ed cavity 

.. ..-pie of P-rA9t"& .. !' 11.4.1 (which ••• ..uDed •• I..il .. r roclt 

fora.~ionj can al.o be u •• ful in furni.hing insight .& to 

where lin.J and unli-.d caviti.a be9in to become app~o~riat. 

~.n cona1derinq a total d •• p und.~qround f.ci1ity .yat ... 

Aa vaa poin",ed out jn paragrilph 11.4.1. t.le b.>\sic e"pr'o$aiona 

of thi_ paragraph can a180 t..e uaed fer othor n r;k -.<114 andl 
or b ... ,.at conditiona with appropri,lte .d'u.t .... n~ of the para

.. ter. involved. 

J t. 5 AUXILIARY SYSTi::.-.s 

Thij paragraph d.al. with auxiliary ~y.t~. which are 

oar important part of all type. of prl.lt.ctive .tructures and 

which can aoaetiDlle. becOlM • vellk link in an ,.,ttM.rvH It sati.

f_ctory ay.t_. Structu,al d •• 19n or &:)<lly.1a of auxiliary 

sy.tea_ ia accc.pl i.hed uainq '.he -'W1C"'J: iate techniqlll!;J 

deacrilMld in pr~edil"g sections. Onl:;' ... '<eci.l requllenents 

01" unusual ~eature. are diacu3Se-l belovo 

ll.~.l Air ~ntralNq~nt Systea. 

A supply of clean air ir lde<;'Jate quant.lties 

is usu~lly an .s.4ntial part of a peotective atructure. 

Thero are two general approachea to providinq this 811ppl:t. 

s~~f-contained syatea6 or fresh air ven~ilaelon aystems. 

T'~ self-contained syate .. are stailar to those provld~~ for 

f>ubm.1rines. Provision of outslde air r~ ires nptK)..\l treat

.. nt tc aasur. that airblast and other harmful nucle~r weapon 

effect. ,re kept out of the protected •. rea. The pl.JlJlei"il~ re

lated to deai,)ning <lir entrainment systU's are largchz " 

function of the peAlt overpressures incident on openlr,gs At 

the Cjround surface. The intake and exhaust openings 1I11lst 

be designed to remain intact under all predicted cond:t-ions 
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of airb14lit _n4 9r"un4 ahock .. net pr.v.nt .. try of pros.m:. 

or d~r: i. into the .':ructur.. It .. y be nec.IINry in 8CIMt 

112stanee. to d •• iqn. a ~~lal atructur. to pruvent crat.r 

ejecta frr~ blockinq the ~ninq~. 

Ha,-.tu!. overl-..-cs.ur.s /DUst be prevented froln 

enterinq tho .. parts of thn at~uc~ure wich contain po~acnnel 

or .enS4t~V. equipuent. This ca~ b. acco.plished by an ap

propriat.ly desi91.3d :lir .ntcainliel't ayat_ or blast val v". 

or both. B~ast valves are nolwally An an open position and 

can be cloaed by reaote .. nain9 device. or by direct ac~ion 

of the bl.st wave in the duct. Re9ardl.sa of the ~thod of 

actuation, each valv~ reqcir.s a finite period ~f time t~ 

0::10 .. t~e duct. T~i:a uel .. :, tl,. is a charactt!ristic nt th~ 

valve "esiqn. The ir..portance of this delay wl.ll depenCl on 

bev large an incr.ase in press~rw it will allow i~.ide the 

t,~i11ty. One .~lution to ·he delay probiea i. to actuate 

the vAlve with • ..elisor installed in the duet at aOlM dis

tance upatreaa trOD the V&lV6. This distance should be 

laCger ~~an the distance the blast vave will travel in thP 

duct in t~e t~ required to clnae the valve. If the vdlve 

ia install~1 at the end of a ~uct, it must be designed to 

v1t.hf1tand a r'tAlt reflected pr.ssure vhich is ,I function of 

th. overpr •• sul~ at that point. If the blast wave ~sses 

a blast valve in.talled in the sidt:wall of tilE' tiuct and 8U.)

.-quent!y ~~flocts fra. ~ome otner surface ~ithin the d~ct. 

lt aay still subject the valve to a higher prE!SB'.!re at 1_ tar 

tiaes. 

Various tI~at.enta of duct walla have be.n 

IRiOjOjeated to incr.ase atteMlation of blast wa\'es entering 

tbe entrainment sy.teJ!l, And .'OIM! have ?roven (!ffective. 

SUch trp~t .. nts alao increa •• :riction los.us in the BYS

tea, ~_~v.r. MAny ventilation ~ystems include filtera _0 

~r.vent .ntry of dust or other con ... .uairlant.. In these 1n

titaUationa. the filters /DUst be pr'.tec<:ed or the airblaat 

1080 

r.aiatAnce of these filter ... y cletermine the al1o'O'able peak 

pr.aaur. in Uw aie .ntrainment f''' t. .. .JlI. t:lemer,~ J.~y pr !ncipl~1i 

for tr.at.. ... nt of air entrailllllent systems WIll b{' l>urnmarized 

1n follovlnq paraqrapha. 

Whe, an airbla.c ",av~ imjJin'1es 01' d Que\: or 

tunnel entrance, a new wave ~r~:.: forms insld~ th~ ~ntldnc~ 

a.ld pro~'lates down the paSSAge. The relatlcn .. h';J becween 

peak prec.;;-re. in t',le inc;t!otnt blast wave and th", new wave 

in.ide the eu(.t 'iepends on the or If!ntal i(">l" ",f ~'H"''':- '''v; ~ 

with resp..tet to U~~ inCIdent v,tVe and Jr tn..· forn-· Jnd ('x tent 

of the ar",a surroundlll<J the en1:rance. Figure 11-1 silo""t the 

effect '.)1 angle of Inciuoanc-e on pt:!uK prel!!~ures In::'lde <1 cur.

nel or dilct for a wide t' .. n9~ o. peak. over pn~ssures ant! 1 s 

ba.4ld upon exper l.rI~"tal data 170m scvpral Sl>1.4.ces" 

a. ~ide-on Or I~n_~~ ion 

The side-on orlentatlon shown 10 case 1 

of Fig. 11-1 COrrp.5poni.ls to a 90-degxee ans<,' ot il"ci

dence with the d'ict axis. As the Llast WdVf-' traw'rses 

the e .trance, it expands or dlffra::ts into r, •. ' op€ning 

causing SOIllE' turbulence and mU:lt;}le reflectlvn:> nl~ar 

the entrance. A ;Jloqle shock .... ill ormcd Ii" retorm wlth

in a di~tancp of 5-11 tU~hel diamLters from ~he entlan~e. 

Curve 1 in .. ig. U-I snows ';:h. 'larlatlon ot TldXlmurn ~ak 

overpressure insice the tunnel or duct as a functlon of 

incident peak overp!ess-lre ar.d 1:1 based u,:x:m data re

port'"l1 in Ref. 11-1. As might be expec>:cd l:Jr t.he sl.d,~

on case, the inter lor peale pn:ssures are iow·:. than 

thQse incident on the tun,el ._nt.rance. 

Most. of the data \.lSOO in th, ,-erer.:n;...;d 

study are tor a shock wave of constant pre ,:,oIl? e. and 

the rel.;ltion~hip shewn in Fiq. II-I l~ appll '~dl,l..., unly 

if the positiv! phase duration, to' of the uH"ldcnt wave 

.. tisfies the conditlun 

lOGI 

.,-
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"iqwe 11-1 

! ~.c-l:!ent Yf..dA Ov~rprelisur~. psi 

MaXl.~m Peak OVerpressure in a Tunnel or Duct VB. 
Incidf~nt Pea~ Overpressure for Two Angles of 
Incidence (Ref. 11-1) 
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D ~ tunnel dia.eter 

Co - hAbi~nt ~0Und velocity 

(11-3) 

If the duration is l,'.s th~n that 9iv~n 

by E~. 11-3, the peak p1PBsures inside the vnnel vill 

be •••• than those qiven in Fiy •• 1-1. 

b. Face-on Orientation 

The face-on or lentat .. on ahc .. 'l1 If, case 2 

of Fig. 11·-1 correaponda to a O-degree "ngle of inci

dence with the duct axis. In thi~ cabO, lhe surface 

qeometry Cit the entrance exerts an ilUport':lnt infl'Jo!nce 

on blast plea'lUres in the paStiaqE.. Figure 11-2 she> .. !! 

the effe<:t of t he radius of the Burfac,j at thf: entr ... nce 

to the radius ot the openin\< on peak pressu~.!S inside 

the tannel. For '.he "ASfl where U".e radius 01 the IIl..,r

face iii equal to ··.'e ra.:liua of the tunr.~l. l...~ peil': 

presaure ~nside thu tur 1.1 is equal to .. ..he jn,="'')'l~ 

peak pressurE;, This .'\ight COL respond to a duct pro

truding from th~ race I..·f II clift. At tile other e:(tr~. 

if the surface areQ at t~ ent~anc. is ~ufficientlY 

large. tl . .:! peak overpr.:-sa,lce inside the pasF"'CJe ,." '.1 

be highar than that in tho: i'I\Cldent "",ve du.... t.tl,. 

~efleCl.ion procJaa at. this e.:"face. Curve 2 ... n Fig. 

11-1 show a "he V31' iat ion of p\'.;:,; overpressur • .! lnside 

the ('uct with incident pO!ak ov~"pr"',"l:Iure and assumes 

the entrance i. aUl'rounded ~~I 0 .' arg~, smooth reflect

i.\9 surface normal t:> tt.e Al.l!l of t:he d\:<:t, This re' 

letton3hip is appliccablp. only If th,,' distan,~ froll'. the 

edge of the entrance to the edqe of t'lA'. reflec\. in . .1 Bur

face ia at lp.ast two ::wet diameters. I.YI'j riqid surfaeta 
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capa.bh> of withlit.la~ iJlq thor ref le<:ted preB:.Iur<~ can be 

con.idt/red an aduqu4',",e reflE::ting surface. ,\,ld unlt.~ss 

it has a roulJhntiltia ~lidl pert .. rb .. tions comp'z:"ble in ~.lze 

to the d»,·,:,:i:. diamet.r. it c ... n be considered SIl1<,),)th.' TLe 

duration condition given by Lq. 11-3 also a?plles. If 

tile mlnilllwn ref~ecti.,.1q "l.Irf,~ce !ize and dur,:".l-)n criteria 

are not met, pre"sur,e. in.Ide the passa.,J€ will be le'5s 

than those given by .ig. 1.1-1. The dashed ;)op.ion of 

Ct!l ve m.mbttr 2 represent> _.n extrapol~tion .)f '·JCp<:>.r Imenta 1 

dOlt-a. for an<11ea: of inciden<:e between zero .-inc! 90 de'Jreea. 

values of peOlk ove['~ra6Sl1rE can be obtained by,nterpola

tion iJetween cur •• u. , .nd 2 eft' iy. 11-1. 

c... Over(~~~!:~tion ~~._~!:~~~~.!..!un!!.e--.!_~ 
or Dtlct.! 

Within a distance of r, to 10 dJameters from 

the entrance. a new ah,)C1t front formu, and the ID.sximum 

pe<!&k ovecl>resaure 1010.1 occur at or near thIS point. As 

the blast wave moves through a straight pass.lqe. th.e P'Cak 

overpressure decreases du~ to lrlctlO~ and vlSCOSlty ~t

teet. and one-dilllensional expansio .. of tht:: W;;'Vf::. froil' 

Ref. 11-3. the raLe of decr~age is given by 

where 

[ 
RS ( P 21 )11 2 

,'lP) .. t.x (P 21 - I) 'ff7A .6--.-"-~1 , _1 . :] (1l-4) 

~x - in~rement of length of L~~nel or d~~t 

P21 .. ratio of shock presnure to ambIent ,·'F,S5U.t e 

R 

p ... p 
so 0 .. -~-

') 

'" roucJhness fdctor for t.unnel t (1 + ,2, C)-

.. m.!,sn heIght of l-'rc)tuiJeccllnC<"'1i pEn ,.' n J t lCl"gth 

1085 

I 
I 
t 
• 
J 
i , 
I 



c • mean n~r of protuberance. per unit..length 

s • periaeter of tunnel 0.>: duct ero ••• actio." 

" o ",rea Qf tunnel or duct ero ••• ect~.on 

It 
. ! ___ 1 __ 

11 Uo + <:1 

c, - ,~~d velocity behi~ the sbeck front 

l' - ~-r ,,) + ~"'lt/2 C\)t;H\~-
l: • _hock h-·:lt velocity (Fiq. )-ll) 

\ .. ,\ 
- particif: vt!lod ty behind tt\4:t .bock fro,''lt 

(Eq. 3-1) 

" average time intercept 

I'll( 11 1 \ 
g t io • lrtc: - u) , ... 

t 1C - tiN int.ti~t!ept at De9inn1!'l':J of lncraefit'. 

For concrete a.uf~cl2l! .... l-OU9l.n!!li~ fact<u, S, of 1 1. 

.u~ge. ed. F~r ~t~ ducts, a • 1. The 4n~tial tt.e 
inter~~Pt. t iry , can be tdken eq~&1 to :00 f~oe Fii. 3-10. 

The attenva~~on of ~ak overpressure in 

a tuanel or duct ia obtain.d fcom Eq. 11-4 by a &eries 

of 5\~cesaive =alcu}atl0na vainq a value of (~ that re-
; 

~ult. In a value of AP21 1e.a than 5 percent of P2lo 

~horter interv3l. ar~ time conauaing. unleas t~~ equa

tion ia proqf.~ for coepvter .alu~ion. ,nd lonqer 

int~rval:; r.';u~.t in tnaCCU.'AClea. Ea=h. ~P2l ~a aubtractea 

frOlll, the prE'C0dinq P21 tn order t.o ol.tain at n~ P2l for 

the ne~t interval. After e .. c:h inter"al, a ~: ... incre

_nt of 

!Ix (1 _ !) 
L't fT, T Co u (11-5' 
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ia Wei*' t..:> the averal)e ti_ i:rt.erc;ept. ri , to~: tbat 

interval tC' ob'i..\ in • MV tiae intercept, t 1o ' tor the 

followinq i,.terv.l. if U\6 ovarpfe •• ure .tt.Il.\&tion 

1. to be c.lcIJ .... 'ted J.n •• tr.i9ht ... -:tion fol.lov:n9 a 

lend or junc'.:ion, tht! peak overpreasure ia fi::st re

duced in ac,;:orda .. ce vi~h pr~)Cw<iure. deacribed belovo 

It i. A •• ~ that ttw bGr.d. or )unct.ions do ,lot chan.". 

t.h."I tiME: ir:tercepl.: of the vave ent.erinv the •• s(ctiona. 

Each bend or junction vHl Gt->Cr .... the pea)t; (JVerpcfWa

.ure in tbe b~.t wav~. Ex~rt.ental .tudt •• hav~ pro

vided some data •• to this It\&qnitude of the .. deCrtta3(i:O. 

d. !n-r''''';('''LB!ndc 

If the ra<.iu& of cur ... tur. of the bend 

1s 9Je~ter than S t~. t~ ~ct dieaeter, it can be 

••• ~ .. d that tba 4ecruaoe 1n peak overpre.sure du~ to 

~._ ~n4 i. neqli91~1~ (Raf. ll-l) .• o1eren~. 41-4 

1~4ic.t. •• that •• cb ahazp '~=;r~. bWbd in a d~t vill 

ttd,uee ~ ".all ~eX'Pra.OUf'e by about' percent. S.t,nee 

~~ .. effect of radiu. of cutvatu .. e hIi. nett been d~tttr-· 

... ~!, it "tll f)e A •• \im8d that ~". reduc:~l~., : ..... de. 

t') aU bend. -'hoaG radius of curv~ture ia 1.8. U.an S 

I:La .. ., the duct IHaae-:er. The eftOC't. uf n benda, then, 

h-

Pn • Pso{O.94)n (ll-i) 

where 

p. • t, •• k overptelllaJure 1ft the tunnel aftet' 0 90-

degree bends 

P peak overpres.ure in the tunnel just ~~~4d 
80 

of the firat ~nd 

n • nwaber of to-de..,ree benda 
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&quat1oa 11-6 Ml91ec~. 10. ... 4 ... to fr 1ctlon or lire.· 
.ar. attenuation ~tve.n bend.. The a1ni_ durat.ion 

concH tioa of IQ. 11 ... 1 aleo t...r9Ue". aw1 it h ... aUIMd 

t.h4at there 1. DQ c l '&n9.:t in tunnel croeu sect ion in the 

bend. 

e. ~-Sh.P!d Junctl~n8 

'tM,'e are two ca.e. fc;:: this type of 

~.tar ...... : .. tiOi\. ~ ~'G'::.): ()VOr9n !'wcea will ~.~d "pon 

the 4irectioA i" ~ic~ ~ bla.t. wave ~t..r. the i~ter
aection. Fi9QZe 11-3 abovs the variation of peak OVec

pre •• ure$ in the r~ininl tuo br~ncbea of the inter

.-cti .... r. a. a fr.uaction of peak ove:.pr •• au.e entering 

the ulterlliection. The ainiaw- duration condition of 

Irq. 1:'..-1 appUe., and it. i •••• Ui1led that the three 

trancl •• MWt equal cros .. aectional ar.... If a cide 

~Wlft.l i ... tch GlDP.Uer than tl:e tunnel thr<'· ... ~b vhic~ 

th. bla.t .,." 1& l-Wvinq, ca .. 1 of Fi·~" 11-1 can be 

8aod to cht.in an ~.t~ta of t~ p .. k ovarpreo.ura 

1ft tha s14e twuual. Tb3 d4$bad portion. of the curve. 

ahoWn in Fi~. 11-1 rep-e .. n~ extLa~l.tion. of the ex
r:"1"l.aental <Sata, whi.ch is .. "l:cvn by the solid pot t.ionw 

Of the ;,."'.ll"'a •• 

f. 9the1 Junction. 

F1qurea 11-4 and 11-5 .how inciden~ ver

au. transaitted peak ov~rpre •• ,·te. tor Y UlQ X cross 

eaet~oa.. It i. a8.~ that ~ll tunnel br.nc~. have 
tt~ .... cro .. section area and that the duration con

dition of Eq. 11-3 i~ satisfied .. 

q. ~l!.:£!!!~~n"'~l~ or Duct~ 

A b!a3~ .ave pa.~inq throuqh an .re. in

crease in a t.wmel underq~s a dt.; ..... in overpr ••• llre. 

'or a 10nq 4"rat"'OL,\ or atep incid~nt waVQ. the trans
.i~ted wava i. always peaked close to the area change, 

lOll 
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Ou.& .ft_ •• lIeC.l cU_te ... of tbe new iac....... u_. 
tbe wa". tend. t.o flAt ten out. In.aU c..... tM 

• treftlJtll ot t..be Wi.ve <leer ...... tter pe •• tnt into • 

l~ tWl'Ml .,.. ... 

If the flow MhiAlf the 1nc1.44tnt wave La 

iAitial1y aupe:8ORlc--that i •• 9reater than about 56 
pat fn.6 lI/ca2 , __ & I.lhoc;, 1a tr&n .. it1:.cd aNt aA IoaP

atre .. -t.cinq ~k fo~. 1A the tr~itiOA 5ectlon 
0 .. 1 • .-.pt downatr ... into the lArger .r ... dependiR9 

Oft t.M .re. ratio .. "'" the .trenqth of t. ... incident wave. 

~ tlp!!tl".aa-facinq :;bock forM'd by the _xp&l.aiOQ .f
fe;;ta tM pre •• ur~··tu.. biatory c10.e to the tranai

tion .tlCtiOil. ~be t.ran.a1ttecl o".rpruaure .ho;;wn in 

rj~. 11-, occo~~ se"eral di ... tera downa~~ ... of tbe 

tr"~"l.ti~n ..,~. ~.he ~It .... di.appeared and the wave 

A"j::"", ~1a~,tena OCit. 

Shoe .. tube experUienta abow thAt the 

r.ti." c,! "AcWeat pre •• ure to tran_l.tted ;-reaaure 1s 

clepend*nt only on the l.ncideftt. pre •• ure rttio and the 

ar .. ratio. The dia.eter of the .-ell .ad 1&r9_ tun

MI. doe. :..tot .ffect the resu;'ta. prcvided that the 

ar~. rrtic 1. ~.~. con~t.nt. 

h. ..heck .. ve !"ilhrna .;;!'h~ 

A alv.clt wave Uapiof.qinq on a c!laaber en

~ranc. e;·roduce. two oj! .tinct processes l.n the c~r. 

Pirllt, • &\hock _rqe. trOll t.ne entcahce and expand •• s 

• healapbericLl front. The p'ak ove.pc •• auce of thia 

front will depend on aany t.ctora i~cludinq the aile 

.lA4 shape af the .rltr.lll~t a • .:l?"t ar.:i ai~e of the ..:hAa

bar, .M pealoi "verprcHi.'..lre c~ the inc idcnt wave. ae

f1~~\on. ~n~id. ch~ cha.ber .j9~t ~.u.e the chamber 

over:>re~lNr.;: tc !!,..-::.~v1 that lncidt!'nt on tho entrance. 
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~iot ~} ..... " .. ~ .... 

~ .~!!:"Ond proc~tl •• ill the qu.1J;1-at.e~y flov which con

t.inue. ~o incr ••• ~ the atatlc preLaure 1n the c~r 

\lnti 1 j t. ~"al~ t.Ar incident presiil,re at. aa.e later 

tiae. 

Ret~r.~ce 11-5 deacribe. a ai~le t.ech

nique for d.te~.nin9 th~ filt ratp in .. chaaber for 

incident o,·erpre.aures l'p t,1 150 pai (lOl H/ca2 ) uai.nCj 

t;~ equatl<. .. n 

where 

AP .. C t.t: fAIV ) c p 

~Pc • the chan?e in cna-ber pressure ~ver time 

l.nterval ,"t 

Cp • an eX?eri~£ntally deteralned ~oeificient 

A • area of the entr~nce to -he ch~r 

v .. vol\. Ie of the chclJll~r 

(B-7) 

The I: ':OCe<!'Jhl cona1ats of increeental 

;al.:ulatioll of the i');:,r~ase in chaJll.bc'C pr'!s~ur. usinC) 

Sq. 11-7 ~it~ the coefficient C
p 

Eeicc~ed ~r~ P1.9. 

11-7 on the basia of the presaure differenti.l in8ide 

and outaice the chamber. The firat st~p is to plot. 

the pressure-t.iJae hist.ory of the wave incident on the 
' • ....aber ot .. ltrance. This pressure-time histocy ia then 

dh ided i,to equal l:ill14' iner_enta, i.t. At ti .. t - 0, 

the pre.FI,'re diflerent ial will be equal to P ao' U~z. peak 

overpres:Ju1."l!l incident vn the entrance. A vaLle of C
p 

ia &elected from Fig_ 11-1 based on this pre.sure dif

ferentic.l a.nc'i a "Pc 1.8 compute·:! uaing E1. 11-7. This 

t,Pc is added to the OVClpressure in the cholJllber at t a C 

and " new pre»sure ditferert\al calculated. In calcu

lating the new pres6~re diffurential. 4cco~nt .uat be 

taken of the cie-:dY in lnci'lent overp _"aure, P ao' dur-

1R9 the interval ht. Witt: Q ne.,; Cp based on the nev 
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.... , 

pr •• eur. 41lter$ntlal, a eec0n4 val~ of APe 1. ealeu
la~ fro. ~. 11-7. Th18 RaW APe t. addeo ~o the pre
viou. chamber over~r •• sur., and the proc.a. 'e r.peated 

for all tt. t~ intervala. The result. of the above 
eomput.tlon. can be plotted to obtain a curv. abowing 
the pr ••• ur.-ti .. history inaid. the chaaber. When the 

pr •• aure differvntlal (Pso - Pc' ~. negative, the 
value of (~p ahould al~ be taten negat.ive. eo that ~Pc 
i. ~atiV$. re.ulting in a decrea.e in chaaber pres.ure. 

The result. of an e:caaple c:haaber-fillinq 
pcctl_ f.re. bf, 11-5 are .l.own in fig. 11-1 for an in
cident p.eaaure wave wtth p~ c 40 pai (13.1 N/ca2 , And 

to • l.\l aftC. 'the ex....,l. anteanCl1 area t.c ch~r 
volume raU.o (AIV) uaed for 0.01 and the tiae incrUlent. 

At. was 0.025 aec. 

For .ituation. not adequately covered by 
tbi silllplifled proc~ure ~tlined a!xive. the lMth'.;d re
ported in Ref. 11-6 aay ~ "-1se-1.The proctldur~ ir. Itef. 
11-6 c~n.id.ra en~rance duct. of finite length. aulti
pIe entrance. and exit •• and include~ a ~~re riqoroua 
treat:lli-e&.~ of tbt' 9a. dy"aa,ica phenOlaentl. tban the sia
plifled aetbod outlin6J above. 

i. Example 

To illu.~rate some of the procedurea out

linftd .\Love, cor.sider tbr. aY."eII\ shewn in F i9. 11-9 sub
jected to a peak over:-.. r ••• ur"" ot lOOO psi ,690 N/c.

2 ! 
fra. _ 1 NT (4.2 Yo l015 j ) surface bur6t. As 5hown, 

the a1rblast vave i. oriented s1de-on to th~ entrance 

to the aystes. Fi.d the peak overpressures at pertin

ent pc intu in the syst •• ~nd the tiJar. of an'ival eot the 
entraflce to the captlule. 
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The firwt step is to determine ~ the 

incident blast WAve s&ti.f~~s the critelion of Eq. 11-3. 

~'rOlll Fi9. 3-5 the ~.itive phaae duration tOl 1000 psi 

fra. a I HT surface bur~t i~ tu ~ 1.2 8ec; taK~ Co • 

1100 fps ()35 aps). For the curves l'r>f>viously given 

to be valid. 

or 

to au.~ be 

25D l > -
- C 

U 

. ;> 25 (2. 0) 
~o _ ~ - 0.045 .ec 

ao the criterion is natjafied. 

For 1000 fai incident I.lide-on at the ~L" 

trance, Fi9. 11-1 indicates a peak p1es~ure of abQ~t 

260 p~i inside the system entrance. Thus 

PI D 260 pai {179 N/c.2) 

III • 4.00 fpa HHC mpsl(Flg. ~-ll) 

A ..:alculation with Eq. 11-4 will at,ow t~at attenuation 

in the !tt1ai9ht sections <;f the system will be negli-

9ible t(.lr the len'~ths invc1veu in thi:: e"!!l!Ipl« . 

A re'uction in peak prE's~ur1t w~l; {)ccur 

at the ~han9~ in Sy8~~ diameter. The ratio ot the 

area!t is propn~tior.~l to 

(01.) 2 ()1 
.01 .. J .. 2.25 

Figure 11-6 shows pressure ratios for 1m area LH:i,) 'If 

1. 1. ~'or an area r Illio of 1 (no ~hange in a~ea), t:hc 

peak pressure would not change. For these tvv limits, 

the pres3ures past the tr.lnsitlon sect~on would be 
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P2 • II pai (60.7 N/ca2 ) (f(yc 1.. 2:'1..
1 

.. '!.)) 

P2 - 260 pai (17' N/ca
2

) (for. 1..2/1..1. • 1.0) 

:nterpolate bet~en the .. two values to obtain a rouqh 

.atiN';. fot' '2/1'1 • 2.25 

Pl 260 - (2;.235 : l:l) (160, 88' • 126 nsi (1S6 N/':Jr2, 

U
2 

* 4200 ipa 11280 apa) 

A~ the. f irat in '.er.act ion, the pre."\lr~s in each branch 

art~ obtained fr~ Fig. 11-1. 

p] • 51 pai (40.0 N/ca2 ) 

U
J 

- 2)00 fP6 (101 mps) 

~6 • 200 PSl (13C N/cm
2

) 

U6 • )900 f!'s (1190 epa) 

A~ the second intersection, Fiq. 11-3 i~ aqal~ applicable 

and 

P 4 .. 18 p s j 02 • 4 HI (."Ill I ) 

U. ~ 1600 fps (4dl mrs) 

P1 .. 48 pai (33.1 N/ca2 ) 

C7 • 220~ !p5 (670 apai 

At the turn near the capfoule. E~. 11-6 ia applica;',le. 

Ps '" U;iO.J~)l & 16.9 psi (11.7 N/,~2) 

Thus f Jr 11)CO PSl 16iO ~/c.2) i!l·~\.d,.nt" on t-h@ entr ..... c.·, 

only about 16.9 psi (11.7 Hlc.2 ) is indicated at _he 

capsule. Since losses in the stra.ghl sections were 

neglected. th~ actual pre.sure mlgrt be even less. 

The pressure loss at the expansl<:ln section is also 

p';:-voably qreatec than thaL eatimHed by the SlmpJ.e 

interpolation. 

1100 

The t lllW of arc lVdl ot th(' f· r st l>hock 

P s .. 1'.9 val (11.-, Hlc!!2) at the c<!f-'5ulc can De estl

.. ted ",a 

~l -2 L) 4.4 
t Ui • - +- - •. tT; a "2 U3 

10 ! 0 20 
4100 +- 4200 +- IToo + J~o =- LOSl 

Co~slder now the pres8~re ~,. 

:l\hould r~ach the b'A.tol'!' of duct L6 at abo'.lt 

t. 
Ll 

~ 
L2 
Ii: 

L6 10 10 dO 
u~ -" 4400 4200 +- )9'0-, 

c c.o~s sec (25 mal 

. ,"c (5:1 m~j 

"r hl S S!c0CK 

If it wece ... "SII.lmed ttc"t P6 zohO":KCd l.Ip tv "6r 120'\-.) i,51 

, 826 N/cm' (sce Fi". 7-3) culd that PH prc~dqdt';,d ,~t 

L6r " lSQO fps (4S; mpli) as '.:..llcolted In Fl". 7-j(o, thIS 

lihock Iot'QU Id ceach cI'':~ t :. 3 at about 

• 1..6 ~ liO 
t ~ O. 0.2 J + i:-' '" (I. 0 ... '> + IS 00 0 • 078 S t_ ' • (71:; m b • 

~r 

Si:-.ce P6r 1'50' It would no:. dppear UIIl'eiHi,":,--H,l> tG 

expect F6c to bcyin tv ·.ent to the oltmc,sphe~~·. 

i.xtrapolating C\Jr'.'~ 1 In F1I.J. d-} for 

P6r ,. ~~UO pSI 

pj SOO ?Sl ( .• ~ "'em 2 ) 

Uj ~ ')600 ftls (1770 r:Jp~;) 

S~lrtllarly, 

P4 100 PSI (f~ N/cm2, 

U4 = ~900 ips (8~'> m~5) 

(F I'J. 3-1 

.Jnd Ps ' lOO(l'.941
1 

" 'J4 P:;l (64.9 S ~:rn2). 11a\ ,i r:" i ... 11 t l;T~ 
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ot l~j .. Sft<."Ono .. hock CO.lld be est .... te:l ,.)t, 

L) ~4 .0 60 
c '" 0.078 .;;Tl • 'iT C 0.078 • 5S'Or • i900 

a "1 ' " 

.. 0.099 ~I!C {99 na' 

Based on t~e qreatly over£i~~l\f .. ~ 1n

Yesti~at lon dbove. then, it would "ppcu' tt.at a $oC'.:>nd 

shock. S times ~tr"nqf'~ th"n the first lllqht reach the 

capsule about SO .'s .1fler t.he first ah:x:k arriVl\l. The 

Oeh~vi0r of .~l s~ock ~7 In duct L7 h~s not ~een looked 

~t StnLc it would a~ar to be less severe than tne P6r 

comnderat lont.. 'I'he pn~ssure P7r c~ulJ C'Onceivably 

wc:'k aC;a1rtst pj and force i_n inc~·ea.e \0 lJeneflcial 

~er.tlnQ to t~e atmosphere. In any ev,~t. i~ appears 

,-,It.t-er cert:'; '.0 that a bllst v",ive w1th ':. nsiderable 

s\ren~t.h ""11' I>d 1'e<'l,Ulri:"d.:a the capsI.J-.:. 

i 1. S 2 '-::..t.D...! t'y_§}~_~':'rn5 

:On.! utlllty systems !o.' protectlve struct.ure .. 

are slMilar "f, 'TlO~L x-espect3 to those oi any otht'r t.tpe ot 

f.lcll!ty. One .mporta;"t dlfference lS the ne'.& 4".r EMP pro

teetH'!) fOl ele..'tr,c:ol sy .. remr. in t'le '!\alorlty or cases. 

Inadc-I",<ttc att .. n+:l·;- to det3lls of utility ,',ylf.ec .. ion" can 

acrlOl;sly deqfaci~, .~n.t perh.l; s neGd~" an ott,€fW1Se effective 

E~F shu:ldln} systE'.JIl. R,.,i<!,encct> 11-7 and 11-8 cor-ta:.n ;.uu;y 

SUQq~st~ons :0f ~~crc~sln~ t:,~ vulnerallilty uf ~ !aclllty 

tv L~!'~ .. 

,\ltholQ;1 utlIltv syste: s .. or p:ot~tlve s~,ruc

ture~ ,He Slmli.:.r '0 ~ho'~ t<.H' 0nVe'ltlOn.ll ~"C'111tle5. tllP.rf' 

"re som" aSp<!L,,'; wtH,:n r ... ",,·:ltc spe<.:lal t.r''''3:rn~nt. Included 

~re t~l' t~:10~1~.~ 

1 .. C.' 

• Obviously all vital utllity conn-,ctl0ns to pCHe<.~l\.·e 

st.rvct,.u-es JOt-ould be ur,":er;~lound because of tl.~ >, .... 
alcbl •• t reaistance of abov~~round .yStE~8, 

• Ext.erior u·,dcrgroun, ~a"lnecllon. to .' .,tru<.t.uc.~ :,'."1;;.1u 

he ~dc at a POlot of ieaat l'elat lve ,lOt 10n b 1 wt:'cn 

the 11)11 and th,~ st.ru.:turE, In II10st c .. acs. Ull. '.ill' 

le .I p<.int ncar t.he bottom of the structure, 'il''''~l,}l 

.:onn~tors are provld,!d in sorae inst .. ll;,;tlons t<. ;1"\

crea&e the stren·}th af eleetr leal anJ COl'Vl'llHHcat ,on 

cables at these point •• 

• Electrlcal ~rd c~unicatiunB cables should be laid 

with auff ie-lent slad:, ~o .cco.lI(,,-:':'H.e gIound I\IIOtlon;; 

withOYt fallure. 

• Supports for "tillty systems shQuld be spacf:!d c.:lcs.' 

enough to prevent fallure of c:a;;.le. and condult. wr.~n 

subJ<.!ct.ed tv d.;ce~et ,!it 1-.>:'\ tor cos • 

• Drac!tctli and trdya sUfpurt;~-; ";<&,,,~ .. s and cond"'lts Of 

the intl?ric::: cf st.-,_ctur-es sh,)uld bE- ",,"ls-ned to re

Slst tt'.e ar.c-elel JttO."} fore ... q~·nera':. .. >d by bl.:"llctule 

:-.tOt ions. 

• Utlllt" cOllnections t·) shock mounted it('ms mUSl r"s:;c:ss 

s(;ft:i';ient slcl<.:lI. or flexibIlity to .1-.:cOillOd:lte rel~tlv~ 

dit.,..\acements '*1 thvut t .ulillq. 

• Utilities ml,st not in(rlng,a upon rat~l'?spa.:e .HOUr.J 

sh~k mount~d Items. 

• 1'11 componer,ts may t.:! sub1ected to lar,: f! "ccc ler,,,t) (ms 

and If not alil~ to wlthstand tr.<i:bf' ,J,cceler"tlor:s ~ '-:e/ 

must be rU<;jsedl zed or $~lock 1S0: ated, 

11.5.3 ?_~_r_\.:.~t .~E __ ~ Ret all:!. 

The struct l .. ;t-11 clements 1n ptot_ectlv.~ stru';::

~ures drc - oltsumt.'d to be capable of dev.- lopln'J ttwir fl.lly 

1103 

r';t 



I 
l 
i-

t 

~-i~ 

~ 

pl.l.tic ~e.lat .. nCa •. 1d exhibitinq dl.l~.tile rat~ee th.An be itt '.e 

be.'Mvioc. 1>1 orda' ~o •• ,surE that thes., el,wenl;~ behave as 

~"pect'~d. it is aor !I:u"es neCf!SSary to examinF.. atructurai 

d.~t~uls which '",nder llonNll clrcumstancftP _iqht be of mir.or 

i!aportance. 

The li:!ed for ductl ~!ty in protective at t'l.lcturea 

haa be£!n diacuaaed lii .. v.,r.l sec.iona of this ... ,"\ual. The

liaits rec~nded l'l Se<:-t.lon YIII en percent ten.ton rein

forcinq in r.inforc~l concrete members .mould &9Sur\~ ducl He 

re.ponse of ~ch 1I'ieI'Il;'4ni. It 13 sugge_tc.'s that .t hl"at 0.5 

percent reirforcinq be pr-::\lJ.ded in toac~ face of al! ! ~ exural 

-.abera. Continlllty of r{;inforcit.ti~nt 18 ... .3ur.:i by li'i,>quat.e 

laPPl.nq. weldinq or other acceptatle aplicinq techni',le, 

tteldi.nq should not be considered for ateele wit!) carboh,'CI

t~~ts in excess of 0.J5 perc~nt wit~out proof that ~he we;tl

in9' tech."iquea do nOl: cadvotr .. ly &ff~ct the (:rop.ertiea of tile 

3tet!1. Th£ lcx. .. tior c! splices in tension rE'inforcin9 qhoU;d 

1.-. atao9,-red t.J ."oid cleation of planes of weakr,'sa in the 

-.ber. ~b r.,infor,:i:19 sho<1ld be placed perpeN"cu1Ar to 

th,~ .. xis of the ~JIIbt!r so th4t planes of weakness ar€ not 

fc~d in t"le event of a reversal of load. Hoop ties (those 

",hich enc;'rcl. roth ter sian ,nd ,;;vinprf!ssion at.e.d) are effec

tiv~ restraint. :Jf b'-lrE in COIIIpressiC'n and should not be 

apace,,: 9rt:.lter than 0.5 tiae. the eftee' ive lepth of tho 

Metio.. Coluan~ o:e;.nf·')r.ced vi th continuous st>1['aI5 w111 

normally ..,xhibit qreilte1:" dl,;;:;tilit', than those usir. J conven

tional tie •• Wh.m n(!aV'j concent,atio:ts of lonqitudinal l'~

inforcinq are- requinlCi, p3cticl'iarly in the vic inity of "liP 

aplicea. adeqU!\ttl trnn!lverse reinlorcement (ties, stirrdl"s. 

or transverse ~rs) Hl~uld re provided to prevent bonJ fallure 

by SP!ltt~oq of the concre~ •• For this no.son. l.Jppeo<,O ~pll.ce$ 

lfhould be avoided in rec; ions of hi'lh tensile at re_.st< > in the 

.. teel. It.'!n lIIOunt:n\l ;"'!.ltes for -tems of eq"ip!1'ent are em

bedded in concrete sectic!la, they should be tiel. tei the l1\dll 

ret.nforcemoant by we.Ldir..., or ho<;.k •. 

1104 

St~el etructuL'eJ .,Ill normally t'xh;bit L'C~

aideraDle ductility sl.IlIvly because of he stro~" ·str.LI; pro

pertiea of structural steel. Yal) '~le or cC •. lI"C: (')r.s arvj 

buckllnq of 1IIeIU.)(!r» can, hqvever. CdUIiC f..lll,,n<'!> before 

ful!), pIa .. tic stre:,-,!ths are rei'llLt.>d. 10/('1:1<11)1,0 sr ... !?' d:ould 

I::'E specified .sod weldt.>d JOInt." st'ould I:x: oeSl(Fl("~ U> fJrov.de 

pro.,er -:ontinuity and m!n:II111e stress ,0ncentr·H "H.S. Whercvel 

possible. compresfHon mt'lIlJ:wrs sho.dd th, rest[oll·'Cu o.I'plnst 

end rotatICn& about both .ow •. ~b and f1al\<;~ ;'·ltt~'tl"'rs can 

aignlCicantly reC:uce the po~:&lbility of 1 0<': a 1 !;;!lures itt 

junctures t)etween members. Wldth-to-thtcltness rat lOS tor 

flanges of Lompr~~,sion memt»en. wlll-::h should not bt.' ('x(,c"<,ded 

i.f local buckling '.S to be aVOIded U('(> pt'esented I n SectIon 

VIII. 
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11.6 PEF£RENCI:.5 

11-1 

.. 1-.: 

U-3 

11-4 

11-; 

11-6 

11-7 

11-8 

!n..!~I.r~_~o.!!. SU~"1.!?!~ .!!:-.~~~ ~nne...!! 
and Ch;u·.bers (Secol'Ki Edition) Ke.orat .. .II.O"'I R("port 
NO':'·'-1',J90.- A~t"de",n Provi1'9 Gro,,'nd. Md" n,U'ch 1 CJb.l ' 
il') 

Swato' h, ~'.J,. and 3irukoff. R., B. '.st Eff(>ct a 
~~..1:~:£!" ConLt~~a.!}2!!.:!' At'51«: 'fa ~'\-48.Alr
force ,;pe< tal .... .,,:-on8 Center. I'irtla~ AF8. 
N,~ .• Oc::t.::·ber 19'>1. W) 

c: adt. R.C. •• ~,?r'y .f~'y1SC'OUti_~~ ~~.5-:-' ."!! 
Duct IS a.lsed on tho-' Kineti.c Theorv cf Gases x-
p.~~~·i ~~ni!'J Ii vf!rTf}~-t~a sh~:~itren<Jlli.-j.._L_~~. 
AFWl. Til 6;-204. Ale ;·orc .. Weap..ma Llboralory. 
J(lnland AFB. N.M., ';uly 1966. (U) 

Cla~'k. R.O •• &~ C·)ulter. G.A •• Atto!'luation of 
~a Shock Waves l". T-..nr.els. SIll. ri1s; Sollllstic 
R~;~::;rch ~iatoT-les.-i-berdeen Pro'linq GruunJ, 
Md .• June 1'60. (C) 

Ha~. anqe·. L.W:,. Blast Attenuat 10n §Y.stems for 
~2::,~1.~~~!,~..!~~ng~T;-TT1r,11 S.-'Naval-ovll 
Enqlneer~ng Laboratory. Port Hueneme. Calif .• 
September I~Hi'. (OUO' 

Clark, R.O •• and ""dfurtry. W ..... Sh<'ck Wave fl:.~
inq cC Chaiabera. Al-'WL-'l"R-70-71. Arrt~Weap'~n-s 
LobcI'At:ory. lt~r~land M'B. N.!It •• S.ptember 1~70. ('1) 

&"IP ThTt1.tt. ,-:ld Protc..:tivt. !'4eillsur<)s. TR-, , De
partment-of-Oe(c-':lse:-01Tice oCClvi '- Oefe~se. 
Wdshl')qt:on. D.C .• Au~\;st 1970. (U) 

f!:."P, i.'!.~tect j.v_e2j's_~~":.!. Tit-fila, Depart.IIk'nt r,! 
D~fEnsc. Office of CiVll D~funse, Washln9t~~. 
;.C .• Nove~r 197;. (~i 

11 Of> 

Af\!'l-711-IOl 

Mo. eu 

OIUIIIIUT lOIN 

Hq USAf, ,q,tI, DC 20~jO [KudqoArters URI'.ed StUe" Air Forc.) 

(SMI\ (Sh.dy InforlllatlCln Se,-vleeJ 

(PM) rOI ,-.c;to,-. C;" i I [ngl ne.rI" J J 

(PRE[) ,E!'9lnurlni Division) 

("REV) (tnvl'OtWaenUI 'rote<:t ion G!OUp} 

~pR£PI) l~i II tary (onst r.let Ion I,-an<;h] 

(RDP~. 1..:)10) (Te5t Support Di"lslon) 

(RDQfN. 1042S) (lIIucl .. r 'r09ra" Ol.!o; :0": I cy only) 

(MQS) [Oep.ty Olre<:tor. Scr,negie f<)1"(;esj 

(lOOWD) (DePUty Dire-;tor. Opcrati~l lut ami [Y"I ... tlon. 
Te$t "na'ysi'l .... d (V.1IMtlor. 0" islo..,) 

Kq USAr. AfTAt:. Patri::k An. fl 32325 iAir fore. Te<:tlnlyl 
Appl i~.t ions C~t.rl 

AFC(t (PREe), TyM.;11 .n, FL 32401 [Air Force Civil (,.\glneerlnt 
C .. 'ter) 

.""IS(, Morton .vI. CA '21109 lAir r"rce Ins,e<:tion and Saf'll)' 
t~t.r! 

(pQAL] [T.chnlc;AI l ibrar.,i 

"Oir Itve Safety (SM), Kirtland AFI, tm 87; 17 [OI(,U~-Jr d Nuclear 
Safety 1 

!'~~~.~ 

.\f~":. ~ndr ... '\ ,.rD. Wnn, DC ZC,Hlt :"Ir Fo~c.e Systef'tS Cor-rod) 

l.)O\ (D(~/Oper.t lOt's) 

(008) (Civil [nginurin9) 

(1\lSP) l;>hY5lce 1 and Sciences Division} 

(XRP) [!>rog._J 
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AN\. - Til- 7"-1 02 

~.w. 

O'STIl18UTlOtI (cont'd) 

TAoC, l.angle., lora, VA 2])65 [Tttctic:al Air eo-.nd) 

(HE) [Directorate, Entl!'ll!erlll<j and tonuructlonJ 

(llitu} ::Wqpc.."1 SyH_ Develo-..;.~ "lvls'-,nJ 

(INeW. Offutt Art •• 68113 (~tl.teglc II" ('onAIInd) 

(OU) [I)irec.torete. E~I~erilWf and Conurvc:tlon) 

hlOlS) [Si_I.";... and ANlys" Division; I cyonly) 

~~fC) lOirector. futll" ... , •• _) 

ADC, Ent An. () 8Oj1Z [Aero'PoKe fief ansa ton.nd) 

(1XlA) (\)fflca of Operations A".1vsls) 

(XPQDQ) (M' •• rocec:' PI""":"9 Dlyisionj 
ATn.: ... j G. Kllc.k 

(II'n) (sY$t_ SIMIIlet'on; I\VCleer .ffects arid ' .. ser reports) 

~ .. (i."~) ..... _11 Afl. Al 36' 12 

AU ([:». D~r. el" Eng). " __ " AFI, Al 36112 [Air l':llvani~y; 
OCSlEdllC&tINl, D'rector, C .... II E~ineerlngJ 

Me, An; S .. ttlo ~7'2 (AI,.:sUn Air C~ndJ 

(Oli) [0 i rlK,::orate. "OInt [nqi ~rlng] 
lTTN; ltCoI It, Mi, tlo 

A'IT, Wrj~t""'atterlOft AfI, OM 45"33 (All' force Instituta of 
Tf'(:-'_'OQ) 1 

(Tech lib. I'd, "0. i."ea 8) [TIK"""cal library) 

(en) (1:lvll [",I"..r 1"9 School] 

';INCUSAfE, .va .... Yorlt 0,.,12 (enlte4 States Air forces 1:1 
[Iotope) 

(DOA) (()peration$ An.a1y$ls) 

:;illCI'ACAf. APO S." fr.nclsco "55} r'Klfit Air forces} 

(DOl.) ~, i rlKtor. Opera,l(')os Ana I'l'l i s j 
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AFWl-TR-l"- 102 

~ 

DISTR,ljUTION (corot'd) 

USAf A , CO 808"0 [United St.tes Ai .. forc.e Ac.<'ld .... yJ 

(DfSl8) [Ilirector of lIbrttry; !!.Q. c.lusifled r~ports] 

(OfeE) (Der .. rtment of Clod' (n9ineerir.g) 

NWl6EP.EO AlA fORCES 

S Af. APO San rr ttne. hu:o 9054;; 

(D:::£) (Oil'l:c~or. Civil ~n9ineer'n9) 

7 Af. APO San f''''"C'lsc.o,; 9031(; 

(Of E) (Director, ::ivi I (l.ll",,,eringl 

I] Af. APO Sar frttnci seo 9627" 

(Oft) (Oirector, Civil Eng"'dringJ 

AfS( ORC"" IIAT I ONS 

Altl. \idght·Ptttterson Afll, 01' "5433 [1 ,ro~~.ce k""t<llrct-t 
lo1loo,..t·>...,,; !!Q. c1.~",ifled re!)OrtsJ 

(STINFO Ofc.1 

AFMl, Wright-Pattersol'< "FII, OH "~"33 (Air Fvrce I'>.lter'als 
Lttbo .. atory) 

(Tech lib) [Tpchnieal L.ibrollry] 

I.FFDl • .J. 'ght-Piltter,.on AFB. OH 45"33 {Air Fore., Fight f'tnamics 
Lilt>oratory J 

(Lib) (lib".,.y} 

(STINFO Of.; 

if8/ATTN: It Col G, leigh) 
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~~ 

5 

5 

ISO 
5 

5 

• ;_",....,.:.~..,.,.. .. ~.: ...... :.to~~ ..... ~-:. 

DIUlllUTlOII ('-Oft' '4) 

SAMSO.' O. loll '2~, wpe. los An9II .... CA 90001 (Sp.tCe .. net 
"'ut;" Syst.-s O~llatle,,; Wor:;f~y Po~tal eented 

(T ... t, lI~) (TectlnI c:.,1 Litlr.trv) 

(."/ relvtl fnt1neerlng. Pl."t fnlltl_rlnsi 

uc. l.'. """sc:oa f14. ledford, 1M Oi;'}O (Electronic Syltems 
Division) 

(On) (eiwl' f",l,..rin,) 

UTC. f~II" Aft. il 31Sc.z {A, ....... t (_"Io.,.....ot anet Test C.nter] 

(1.dl lib) (Technlca' U')ra,..,l 

MOe. lir iHlu Afl, IlY I}'ltl !RotRI Air DtlYelQPMent Cented 

(Doc: lib) {Doc .. ,. libr .. ~y] 

ttl.TLAIl, Aft ')R"'.N'lA~I,*S 

'\;liiet. Ki;t'~ Afl, ... 87115 

(HO) (HlstI)f'IM; I cy ~ r~\i'I>rts) 

AM. !tl,'tl.net Afl, .... 8711; (Air :-"rc. "'eapot" laboratory] 

,SUl) (Techn I c.el lIbreryj 

(0£1 (Civil £"9lneerlng RM .. rch 4lh'ision) 

(0£'" (fK III ty Svr., I v~t i II ty 'r<tnch) 

(D£X) [bperllllental tranch} 

(D£Z) (Aerospee. fKlllt I., Ir"",h) 

(DY~·);Theor4It Ic.el ,..,y~ 1 es Irar.eh) 

(SA) [Malys" Dlvlslo'} 

(11.'1 {forel,,\ Technology Offl eel 

C.-ntisf'. Peld C~net. DNA. AT",: CaJ't T. Edwards, Ki,.,., • .,d A~8. 
NH 87l1S 

~~ fORCE .~'ill!£.!ll 

AF)\R. 1400 Wli~n "Yd, M! i"9t'.ln, VA 2.:209 
,TTM: W. Walker 
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AfVl- ra-1"-1 02 

Mo. Cy~ 

01 STRI'UTlON ("on! 'd) 

USAf RecJ 'iv Eng, 526 TiLe 81"9, Atlant .. , c.A )J3(iJ [w..Af ~q'o~1 
Civil Enginee, --hstern lIe."ionj 

USAf leg Clv £"!I, '30 S .. nsQmlO St, San F,..", os"c;, 'A '1:"111 {USAF 
RegloNI tivi I E~;nee"--Wute'" ~f.:qionj 

USAf R.9 Ch Eng. Ililt "-_ree St, 0..11,,5. n 7S20,} !USAf 
ltegional (iv; I [nginee,.--Ce.:tra! R'''il ion } 

AR"Y ACTlVlj'[S 

Comdg Off, Oi.-,nd L.b (lib). Wash, IiC 20"38 {,jarry Oial"'.ond 
labo,.atory, Lib'·ar,,; , cy ('nly] 

COtlIdg Off. USACOC, I" .. t Huc ~tud. Ft Bliss, H 73916 [us Anny 
Combat I).~vell~ntll ;'OIIII\4and. In'lotit'lte fur t.lvclea,. 
Stloldies) 

Dept Army MIKE -X rid Ofe (AACP"-Nl([ -fa). 8e riTe I l.b •. oh i ;'::'-<1"),. NJ 
07~1 [us Anny HIKE-X Field Office, 8ell '~Iephone 

COO\IC' 

: <lboratory) 

'f, 8Rl, At:t'rdeen Pvg Gnd. ft1l21005 [6.aIIi:;tic Re~f'drch 
l .. boratory 1 

\MXaR-T8. J. ltesuros) {Library; I ey or'lyj 

Chief of [ng (EfI,",-£14). Dept Arrrsy. Wash, c.c ~OJI5 (Chief oi 
Engineer,., Oepart"tent of the Army) 

Dir, USA £11'1 W Exp St ... p. O. 80x 631. Vlck~"lJr"" ~s ~<jl81 (us 
Arrlfy [rgineers Waler_ys <:xperi-'€nI ~t.tior'\J 

(W£SRl) 

Teledyne BrOWI' [ngirlee';I .... ). JOO Research fl, r~. Hunts"j lie, Al 35$10 
,ATTN: Or. :4. C. P .. tel 

Olr, NSA (C513). ft Me .. de, 1'10 20755 (Hatio",,! ""'curity Agency; 
lli. TREES. £"", wE8S reports] 
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